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Abstract 
For the time being transfer from the fossil fuel powered electricity generation 
technologies to renewable sources is facing a great deal of challenges, because of their 
intermittent nature. Efficient ways of electricity storage are essential to make it happen, 
and our electro-biotechnology – the BioGenerator – may be a potential solution, due to its 
uniqueness consisting in employing iron oxidizing microorganisms. This work presents a 
scale up of the BioGenerator from 1W to 300W capacity in a stepwise manner. It 
involved the design, study and scale-up of the airlift bioreactor from 1.4 to 600 L, and 
electrochemical cells with different catholyte flow patterns from 4×4 cm (1.6 W) to a 
stack of 20×20 cm cells (271 W). An impact of different operating regimes and the 
catholyte characteristics on the electrochemical cell performance was studied. Based on 
the experimental results collected over the course of this Ph.D. research project, the 
largest and most advanced system to date – 10 kW BioGenerator – was designed and 
currently is under construction. 
Oxygen mass transfer and microbial dynamics in the large-scale bioreactors (400 
and 600 L) were studied and extraordinary resilience of L. ferriphilum dominated culture 
was observed. It was found that it took ~5.5 days for the bacteria to recover and resume 
their iron oxidizing ability even after 5 months of starvation. 
An array of commercially available proton exchange membranes was tested in 
terms of their suitability for the use in the BioGenerator, and Selemion HSF was found to 
be the best amongst them. The straight forward techniques for the synthesis of Nafion- 
and polyvinyl alcohol (PVA)-based membranes were proposed. The proton conductivity, 
water transport and Fe3+ diffusion through the synthesized membranes were measured. 
Testing in the Fe3+/H2 electrochemical cell revealed that the most promising, in terms of 
both performance and economics, amongst them is a phosphorylated PVA membrane. 
A mathematical model describing the operation of the BioGenerator system was 
developed and successfully tested during validation experiments. The data predicted was 
in a fairly good agreement with the experimental. 
 
Keywords: BioGenerator, scale-up, microbial fuel cell, airlift bioreactor, proton 
exchange membrane   
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 "Unless you try to do something beyond what  
you have already mastered, you will never grow"  
Ralph Waldo Emerson 
 
CHAPTER 1. Introduction 
If we look around us, we will see that almost everything that determines our 
present lifestyle requires some sort of energy-consuming device. Although many years 
ago such things like the light bulb, the car, and the computer were considered to be 
luxury items, and not everybody could afford them. Today all these things are so deeply 
incorporated into our everyday life that one can hardly imagine how it could be possible 
to live, work, play and even relax without them. However, a majority of people simply 
forget that all these “conveniences” consume tremendous amounts of energy, and keep 
adding new items to their lists of gadgets and services, thus even more increasing the 
global appetite for primary energy fuels and resulting in energy obesity (Tertzakian, 
2009). 
Two major drivers of a steadily growing global energy demand are the 
improvement of quality of life and the earth population growth. According to the World 
Population Prospect (2010) the current number of the earth inhabitants (7.1 billion 
people) is expected to reach 10.9 billion in the year 2100. Such a rapid population growth 
will inevitably result in a surge of energy consumption and putting not only a greater load 
on existing fossil energy resources, but also largely increasing a carbon footprint on the 
environment. Unwilling to decrease a wealth level and drastically change a well-
established lifestyle, mankind is starting to face significant environmental issues caused 
by global warming, which is believed to be associated with anthropogenic carbon dioxide 
emissions. For the time being, despite the strong efforts towards cutting greenhouse 
gasses emissions by developing international policies, such as the Kyoto Protocol, and 
obliging the participating countries to cut back their emissions, the global amount of 
carbon dioxide released into the atmosphere keeps gradually increasing (Sinclair, 2011). 
Unfortunately, Canada is also dragging behind in terms of greenhouse gas emissions 
reduction. However, in spite of the very controversial decision, made by the Federal 
Government in 2011, to withdraw from the Kyoto agreement, lots of effort and funding 
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are being put by the Ontario Provincial Government into the development and 
implementation of new energy generation technologies. 
Nowadays, the major share of the electricity worldwide is generated using fossil 
fuels (Fig. 1), amongst which the coal accounts for about 41 %, and, unfortunately, only 
some 19% is produced from renewable sources. In compliance with the projections made 
by the US Department of Energy, the global electricity demand and, consequently, its 
generation will be ~1.5 times higher in 2030 as compared to the current amount 
(International Energy Outlook, 2011). However, such a significant increase will be 
achieved by almost two-fold use of coal, which, in turn, is considered to be the worst 
primary energy resource in terms of its carbon footprint on the environment (Sinclair, 
2011), because every kWh of electricity generated produces about 1 kg of CO2 (Yang et 
al., 2011). In this regard, the Federal Canadian Government puts a good share of effort to 
relieve an anthropogenic carbon dioxide load on the environment by replacing the old 
technologies with new and cleaner alternatives. Numerous projects aimed at building 
Clean Energy Economy have been initiated in the province of Ontario, which is a home 
to the world’s largest operational photovoltaic solar farms as well as the largest wind 
farms in Canada (The Alternative Energy eMagazine, 2013). A successful execution of 
these ongoing projects will allow, by the year 2014, to replace all coal-fired power plants 
in Ontario with more sustainable alternatives such as hydro, wind, solar and bioenergy – 
an equivalent of taking seven million cars off the road. However, if the aforementioned 
trend in energy consumption and a very conservative approach to its generation 
continues, mankind inevitably awaits a not very pleasant prospect of running into an 
energy shortage as well as dealing with severe environmental issues. 
For the time being, it is believed that there are two possible ways of avoiding an 
energy crisis in the future without drastically changing our well-established lifestyles: the 
first is finding new non-fossil based primary energy sources (Demain, 2009; Bhattarai et 
al., 2011; Agrawal & Mallapragada, 2010; Demain, 2009; Hordeski, 2007; No, 2011) and 
the second is the development of new highly efficient energy conversion technologies, 
allowing for a rational use of fossil fuels without harmful impact on the environment 
(Gnanapragasam et al., 2011; Liu et al., 2010a; Blankenship et al., 2011). Unfortunately,  
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Figure 1.1. World electricity generation by fuel, 2006-2030 (adapted from 
International Energy Outlook 2011) 
 
 
Figure 1.2. USA Energy Flows in 2009 (adapted from Quadrennial Technology 
Review, 2010)  
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currently existing conventional technologies are not capable of using 100% energy of the 
primary energy sources and over a half of its energy value is lost at the 
generation/utilization stage (Fig. 1.2). 
Both of the above options are quite challenging and not deprived of hurdles. 
While the former approach seems to be very appealing and the most sustainable way of 
addressing the energy related issues, it is considered to be viable in the long run only, 
because it cannot give an immediate solution and requires lots of efforts, time and money, 
due to the need of building an entirely new energy infrastructure (Press et al., 2009; 
Materials for the Hydrogen Economy, 2008). This is believed to be one of the major 
hurdles, along with existing difficulties in storage of “bulky” hydrogen gas (Fig. 3), in the 
way of establishing hydrogen economy (Balat & Kirtay, 2010; Hordeski, 2007; Rand  
 
 
Figure 1.3. Energy density for a 5 kg hydrogen storage system employing various 
storage methods (adapted from Sorensen, 2012) 
A – compressed gas at 35 MPa; B – compressed gas at 70 MPa; C – ambient 
temperature metal hydrides; D – elevated temperature metal hydrides;  
E – complex hydrides; F – carbon cryo-absorbed; G – liquefied hydrogen;  
H – advanced liquefied hydrogen.  
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and Dell, 2005; Rajeshwar, 2006; Tromp et al., 2003; Sorensen, 2012). 
A recent trend of using intermittent renewable sources of energy, such as wind 
and solar power (Shapiro et al., 2005; Samaniego, 2008; Velasquez-Orta et al., 2009; 
Agrawal and Mallapragada, 2010; Abdullah et al., 2010; Skyllas-Kazacos, 2010), 
becomes more and more prominent lately (Kamal, 2011). There are some 3000 projects 
on implementation of solar and wind power generation systems under way across Ontario 
(Renewable Energy Facilitation Office, Ministry of Energy, Ontario, 2011). However, 
despite their general appeal, these technologies are very unreliable and also can cause 
significant imbalance in the electrical grid, if the share of electricity supplied by these 
sources exceeds ~ 10% of the whole capacity (Zhang, 2010). For this reason those cannot 
serve as sole sources of energy without coupling them with energy storage to avoid 
fluctuations within the grid, caused by an oversupply, when the sun shines and wind 
blows, and an undersupply during the dark or no-sun periods and calm weather (Yang et 
al., 2011; Energy Storage, 2011). Despite the fact that the most commonly used 
commercial energy storage is based on pumped hydro, the electrochemical technologies 
such as redox flow batteries are considered to be a viable contender for non-mobile 
applications (Weber et al., 2011; Yang et al., 2011; Zhang, 2010; Ponce de Leon et al., 
2006). The heightened interest to those is mainly triggered by the rapid development of a 
so-called Power-to-Gas technology (The Alternative Energy eMagazine, 2013) allowing 
for harvesting energy from intermittent renewable sources (such as wind and solar) by 
converting it into hydrogen. However, in order for this technology to thrive, efficient 
means of converting hydrogen gas into electricity are needed. The novel bio-
electrochemical electricity generation system, the BioGenerator (Fig. 1.4), invented by 
Dimitre Karamanev (2005) is a serious contender for this purpose. It has a number of 
advantages over the conventional electrochemical energy conversion devices (will be 
considered in more detail in Chapter 2) due to the use of iron oxidizing microorganisms 
to catalyze electrochemical reactions therein. An unbeatable feature, which makes this 
technology stand out amongst conventional ones, is the ability to generate electricity 
while consuming carbon dioxide from the atmosphere, provided that hydrogen is 
produced with no CO2 emissions, i.e. like in the case of electrochemical splitting of water 
using wind or solar power (Pupkevich, 2007). This highly efficient technology can be 
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Figure 1.4. Schematic of the BioGenerator 
 
the missing link in the chain of technologies needed to transfer our society to the green 
energy era and, possibly, help establish a so long-awaited hydrogen economy. 
 
1.1. Outlook of the thesis 
The entire body of this thesis can be split into three principal parts: 1) 
introduction and literature review, which are dedicated to reviewing a current state of the 
electricity generation issues (Chapter 1) and a detailed consideration of conventional and 
microbial fuel cells as well as redox flow batteries (Chapter 2); 2) design, scale-up and 
biological studies of the bioreactor and the BioGenerator as a whole, which includes 
biokinetics, oxygen mass transfer in the bioreactor and also toxicological study of the 
biomass (single cell protein) produced during the BioGenerator operation; 3) design, 
scale-up and electrochemical study of the fuel cell stacks, i.e. their polarization 
characteristics and long-term stability tests of the BioGenerator. All this is followed by 
the bibliography and appendices. 
 
1.2. Purpose of this research 
Since the time of its invention, the BioGenerator has shown to be a very 
promising bioelectrochemical system having a great potential to be used in the energy 
7 
 
 
conversion sector. In our previous work (Pupkevich, 2007), the very first bench-scale  
1 Watt BioGenerator was built and tested for a prolonged period of time (about three 
years). As every new technology in an infancy stage, it has bottle necks, and those 
preliminary tests pointed out the major areas of concern and helped determine directions 
for further improvements. One of them was excessive formation of mineral deposits by 
microorganisms within a bioreactor and in a fuel cell stack, facilitated by a relatively high 
pH of the medium (~1.2), which was chosen as an optimal in terms of highest iron 
biooxidation rate. This issue was successfully addressed by singling out microbial species 
(by so-called “natural selection”; Pupkevich, 2007) capable of surviving and showing 
relatively high iron oxidation rates at pH of the growth medium ~0.5 (Karamanev et al., 
2010). Later, Penev (2010) showed that the microbial culture remains active even in the 
growth medium with pH as low as -0.15, which is very appealing from the standpoint of 
BioGenerator operation. However, an iron oxidation rate at such conditions is 
unacceptably slow, which does not allow to use those in an operational system. 
Based on the results of our previous work (Pupkevich, 2007), certain issues 
(such as quite fast membrane contamination with iron ions, and relatively high water 
flux) of a membrane performance in the fuel cell stack were observed. This was an 
indication for steering one of the parts of the research project into an area of synthesis 
and testing of a new membrane with improved physical and electrochemical properties. 
In order for this technology to occupy its niche in a consumer market, it must 
show reliable operation and be able to generate reasonably large amounts of electricity. 
Therefore, the most important goal of this project is to scale up the BioGenerator from 
1W to 300W capacity in a stepwise manner to show the feasibility and full potential of 
this technology. It will be subdivided into two parts: the design of a bioreactor that would 
allow operation under harsh conditions for microorganisms (not optimal pH of the growth 
medium), while providing high enough catholyte regeneration rates, and the design of an 
efficient and reliable fuel cell stack unit, which would allow the system to run for 
prolonged periods of time.  
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CHAPTER 2. Literature review 
A discovery, by Sir William Grove in 1839, of a previously unknown 
phenomenon – a reaction of hydrogen and oxygen at the surface of an electrode to 
produce electrical current, which is opposite to the electrolysis process of water – turned 
a new page in the area of electricity generation devices and resulted in building the very 
first fuel cell (Cook, 2002; Handbook of Fuel Cells, 2003). However, it took over 120 
years for this brilliant idea to be recognized and intensively studied by numerous 
scientists. An enormous interest to this unique electricity generation devices was sparked 
by the National Aeronautics and Space Administration (NASA), which considered this an 
ideal solution of how to provide a steady electrical power supply to spacecrafts for 
extended periods of time (Zhang, 2005). 
The idea of a direct conversion of chemical energy into electricity has always 
attracted the attention of scientists, and discovery of a fuel cell opened up completely 
new opportunities to pursuit this goal and help shift the entire power generation segment 
to a renewable green energy area. However, it is also obvious that there is no single 
technology, which would meet the requirements of different countries and different 
regions, and serve their best needs as well as exploit their indigenous resources in the best 
possible environmentally friendly way. Therefore, the energy system of the future will 
consist of a blend of different clean, highly efficient advanced technologies to provide 
steady and secure power to an ever growing demand (Blanc & Rufer, 2010). 
As was already mentioned in the Chapter 1, taking into the account intermittent 
nature of renewable sources of energy, such as solar and wind power, penetration of those 
in the existing energy market and integration into the existing infrastructure require the 
use of highly efficient and dependable energy storage technologies, which would smooth 
out the intermittency of renewable energy production (Chen et al., 2009; Yang et al, 
2011). For the time being, there are several major types of technologies for the storage of 
electrical energy: 1) the direct electricity storage in electrical charge, i.e. capacitors and 
supercapacitors (Diaz-Gonzalez et al., 2012; Lu et al., 2013; Park et al., 2013); 2) the 
storage via conversion into kinetic energy by means of flywheels (Carillo et al., 2009; 
Sebastian et al., 2012); 3) the storage via potential energy, such as pumped hydro or 
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compressed air (Chen et al., 2009); and 4) the storage via conversion into chemical 
energy by means of electrochemical cells (Fig.2.1; Bullen et al., 2006; Scott, 2011; 
Energy Storage, 2011) such as rechargeable batteries, redox flow batteries and fuel cells 
(Adamson, 2007; de la Garza et al., 2005; Pawlik et al., 2007; Moraw, 2009; Eickhoff, 
2010; Guizzi et al., 2010; Gou et al., 2010). Presently, the latter type is the most 
developed and considered to be the most viable method for electricity storage on large 
scales, i.e. stationary applications (Ponce de Leon et al., 2006; Yang et al., 2011). 
 
2.1. Conventional fuel cells 
As it was aforementioned, fuel cells are electrochemical devices capable of 
converting chemical energy directly into electrical current. The general concept of a fuel 
cell operation is in two redox processes occurring at the same time, but separated in space 
by an ion-conductive electrolyte membrane. Essentially, when fuel (or reductant) flows 
across the anode it gets oxidized and releases electrons. Similarly, the oxidant flows 
across the cathode and gets reduced by electrons generated at the anode. Then, positively 
or negatively charged ions (depending on the fuel cell type) travel through the electrolyte 
to take part in an electrochemical reaction and to maintain the charge balance. In turn, an 
excess of electrons in the anode and lack of electrons in the cathode create a driving force 
making them flow through an external electron-conducting circuit and generate electrical 
current (Larminie & Dicks, 2005; O’Hayre et al., 2006). 
There are different criteria for fuel cells classification, such as operating temperature, 
type of fuel or electrolyte used (Larminie & Dicks, 2005; O’Hayre et al., 2006; Li, 2006; 
Giddey et al., 2012). However, the most common and convenient classification is one 
based on the type of electrolyte. According to this classification all the fuel cells can be 
divided into five major categories: polymer electrolyte membrane fuel cell (PEM FC), 
phosphoric acid fuel cell (PAFC), alkaline fuel cell (AFC), molten carbonate fuel cell 
(MCFC), solid oxide fuel cell (SOFC), zinc air fuel cell (ZAFC) and protonic ceramic 
fuel cell (PCFC). Schematic representation of different types of conventional fuel cells 
and redox reactions taking place during their operation are shown in Fig. 2.2. 
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Figure 2.1. Classification of electrochemical energy conversion devices (adapted 
from Bullen et al., 2006) 
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2.1.1. Polymer electrolyte fuel cells 
The PEM fuel cell is the most common and simplest type of fuel cell. It received 
its name due to the use of a polymer proton conducting membrane, usually Nafion 
perfluorinated membrane, as an electrolyte. In this particular case, hydrogen is fed to the 
anodic chamber, where at the surface of a catalyst (usually Pt-based) it is split into 
protons and electrons (Fig. 2.2a). The electrons travel through an external circuit to the 
cathode, where they combine with oxygen and protons, which passed through the 
polymer electrolyte membrane to give water. The overall process occurring within the 
cell can be shown as follows: 
 
H2(g) + 0.5O2(g)  H2O(l)    ∆Eo=1.23 V   {2.1} 
 
PEM fuel cells typically operate at temperatures 60-100 oC, depending on the 
catalyst and type of proton conducting membrane used (Zhang, 2005; Li, 2006; Spiegel, 
2007; Blanc & Rufer, 2010). 
Despite the apparent simplicity of the above process, there are quite a few 
challenges faced during fuel cell operations (Gemmen & Johnson, 2006). Amongst them 
water management (i.e. membrane dehydration and electrodes flooding; Sui, 2005; 
Selvan et al., 2011), durability and chemical stability of membranes used (Ciureanu, 
2004; Borup et al., 2007; Shao et al., 2007; Knights, 2010; Zhang et al., 2010; Gummalla 
et al., 2010), and catalysts deactivation (CO tolerance in the hydrogen stream is 10-20 
ppm; Giddey et al., 2012; Li et al., 2010; Yang et al., 2010; Chebbi et al., 2011) are 
crucial and for the time being are considered to be the main hurdle in the way of PEM 
fuel cells commercialization. Electrical HHV1 efficiency of this type of fuel cells is 30-
45% (Coors, 2003). 
Just a few companies, such as APC (Denmark), Rittal (Germany), Ballard 
(Canada) and Plug Power and ReliOn (USA), have tried to bring this technology to 
commercialization and manufactured PEM FC stationary systems capable of generating  
                                                          
1 HHV (higher heating value) is defined as as the amount of heat released by a fuel (initially at 25°C) once 
it is combusted and the products have returned to a temperature of 25°C, which takes into account the latent 
heat of vaporization of water in the combustion products. 
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Figure 2.2. Schematic representation of different types of conventional fuel cells. 
a) hydrogen/oxygen polymer electrolyte membrane (PEM) fuel cell, b) direct 
methanol polymer electrolyte fuel cell (DMFC), c) alkaline fuel cell (AFC),  
d) phosphoric acid fuel cell (PAFC), e) molten carbonate fuel cell (MCFC),  
f) solid oxide fuel cell (SOFC), g) zinc/air fuel cell (ZAF C), h) and i) protonic 
ceramic fuel cell (PCFC) with protonic and zirconia electrolyte, respectively. 
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up to 30 kW of power (Adamson, 2007). It has been estimated that in order to achieve a 
wide spread commercialization of stationary FC systems the maximum cost per kilowatt 
should be $US 400-$US 750 (Zhang, 2005). However, capital costs for the installation of 
the above systems were ranging between $US 3,000-8,000 per 1 kW. Thus, the very high 
cost along with the above-mentioned challenges made these systems unfeasible. 
The direct alcohol fuel cells (direct methanol and direct ethanol fuel cells, 
DMFC and DEFC, respectively) also belong to the category of PEM fuel cells, however, 
it is quite common to consider them as a specific type, because these are the only fuel 
cells that use liquid fuel, i.e. methanol and ethanol solutions. There is no essential 
difference in operation between a classical hydrogen/oxygen PEM FC and DMFC (Fig. 
2.2b), except for the fact that the use of a liquid fuel causes some extra operational 
challenges, such as fuel cross-over (Izenson & Hill, 2004; Fang et al., 2009; Giddey et 
al., 2012). 
The overall reaction occurring in a DMFC is the following: 
 
CH3OH(l) + 1.5O2(g)  2H2O(l) + CO2(g)  ∆Eo=1.21 V  {2.2} 
 
2.1.2. Alkaline fuel cells 
Alkaline fuel cells are one of the earliest cells developed that provided hot water 
and electricity during the second US manned mission to space. The main difference of 
this type of fuel cells as compared to PEMFCs is that hydroxide ions (OH-) serve as a 
charge carrier (Fig. 2.2c), because concentrated solutions of potassium hydroxide are 
used as electrolytes. Concentrations of KOH could be different and are chosen depending 
on an operating temperature of the cell. Typically, 85 wt% KOH solution is used when 
the cell operates at ~250oC, and less concentrated 30-50 wt.% KOH is employed for 
operating temperatures lower than 120oC (Zhang, 2005; Li, 2006; Spiegel, 2007). 
A major shortcoming of this type of fuel cells is in ability of carbon dioxide 
(either within the fuel or oxidant stream) to react with KOH to form potassium carbonate, 
which results in worsening an ion conductivity of the electrolyte (Zhang, 2005; Blanc & 
Rufer, 2010) and, inevitably, performance deterioration especially when atmospheric air 
is used as an oxidant (Griddey et al., 2012).  
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2.1.3. Phosphoric acid fuel cells 
Similar to a PEMFC, hydrogen and oxygen are used as a fuel and an oxidant, 
respectively, in a PAFC. For this reason, electrochemical reactions occurring in the cell 
are the same as in a PEMFC (Fig. 2.2d). However, due to the use of concentrated 
phosphoric acid as an electrolyte, this type of fuel cells has to be operated at temperatures 
above 150oC to achieve an acceptable ionic conductivity of phosphoric acid. Typically a 
PAFC operates at temperatures within the range of 150-220oC (Li, 2006; O’Hayre et al., 
2006). These elevated operation temperatures also reduce susceptibility to carbon 
monoxide poisoning of the Pt-based catalysts (Giddey et al., 2012). 
Currently, the biggest PAFC system ever built by UTC Power (South Windsor, 
Connecticut) consisting of six stacks is being installed at the One World Trade Center in 
New York City, NY, which will provide about 30% of the power to the World Trade 
Center office complex (Troianovski, 2010). 
 
2.1.4. Molten carbonate fuel cells 
In the case of molten carbonate fuel cells an asbestos material or ceramic matrix 
made of LiAlO2 impregnated with molten lithium, sodium or potassium carbonates are 
used as an electrolyte, and for this reason carbonate ions (CO32-) serve as charge carriers 
(Fig. 2.2e). In order to have an effective electrolyte management, the pore size needs to 
be carefully controlled (Giddey et al., 2012). Despite the fact that hydrogen and oxygen 
are used as a fuel and an oxidant, respectively, unlike the aforementioned cases, carbon 
dioxide must be supplied to the cathode in a MCFC that takes part in the electrochemical 
reaction with oxygen to generate charge carrying ions (Li, 2005; Spiegel, 2007). Usually, 
it is achieved by recycling carbon dioxide formed at the anode. Unfortunately, carbonates 
are not highly conductive materials at room temperatures, and therefore a MCFC usually 
operates at 620-660oC to achieve acceptable conductivity of the electrolyte. The down 
side of the high operating temperatures, however, is an elevated propensity for corrosion 
of the cell components (Zhang, 2005), vaporisation of the electrolyte and coarsening of 
the LiAlO2 matrix structure (Giddey et al., 2012). All the above issues greatly affect a 
lifespan of the fuel cell stack, reducing it to less than 5 years. 
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2.1.5. Solid oxide fuel cells 
The use of non-porous ceramic materials, such as yttria-stabilized zirconia (3-10 
mol% Y2O3-ZrO2; Timurkutluk et al., 2012; Giddey et al., 2012) or gadolinia-doped ceria 
Gd0.1Ce0.9O1.95 (Selcuk & Atkinson, 1997; Tomita et al., 2006; Benamira, 2012), as an 
electrolyte in solid oxide fuel cells makes this type of fuel cell the most versatile in terms 
of a fuel used. This is due to high operating temperatures (800-1000oC) required to 
achieve sufficient ionic conductivity within the electrolyte (Blanc & Rufer, 2010). These 
temperatures are high enough to have an internal conversion of different fuels, such as 
natural gas or carbon dioxide, into hydrogen, which further takes part in the 
electrochemical reactions (Fig. 2.2f). Similar to MCFCs, the life span of electrochemical 
cell components is significantly shortened due to very high operating temperatures 
(Zhang, 2005; Tomita et al., 2006; Litzelman et al., 2008). The maximum electrical 
efficiency attainable in this type of cells is within 45-55% due to the low fuel utilization 
efficiency as a result of water formation at the anodic side (Coors, 2003). 
 
2.1.6. Zinc/air fuel cells 
Zinc/air fuel cells (ZAFCs) are based on the reaction of oxidation of granulated 
metallic zinc by oxygen from the air (Fig. 2.2g). In this type of cell a cathodic and an 
anodic compartment are separated by an alkaline electrolyte (usually KOH) and some 
kind of mechanical separator (Spiegel, 2007; Sapkota & Kim, 2009; Rahman et al., 
2013). 
When the cell operates, oxygen supplied to the cathodic chamber gets 
electrochemically reduced to OH--ions at the cathode (usually made of MnO2-, Ag- or 
CoOx-MnOx-based material; Neburchilov et al., 2010). Then, hydroxyl ions diffuse 
through the alkaline electrolyte and take part in the reaction of zinc oxidation to 
potassium tetrahydroxozincate, K2Zn(OH)4, which, consequently, loses water and 
transforms into zinc oxide (Equations 2.3-2.4). Electrons released as a result of this 
reaction travel through the external circuit to the cathode and get consumed in the oxygen 
reduction reaction. The chemical reactions occurring are as follows (Spiegel, 2007; 
Rahman et al., 2013): 
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Anode:  Zn(s) + 4OH-(aq)  Zn(OH)42-(aq) + 2e- Eo = +1.25 V2  {2.3} 
    Zn(OH)42-(aq)  ZnO(s) + 2OH-(aq) + H2O(l)    {2.4} 
Cathode:  ½ O2(g) + H2O(l) + 2e-  2OH-(aq)  Eo = +0.40 V   {2.5} 
Overall:  Zn(s) + ½ O2(g)  ZnO(s)   ∆Eo = 1.65 V   {2.6} 
 
A very distinctive feature of this type of fuel cell is the use of solid fuel and its 
very high theoretical cell potential and open circuit voltage (Voc = 1.45 V), unlike any 
other conventional fuel cells. However, this poses certain technological challenges in 
managing solid fuel and by-product, i.e. Zn and ZnO. Besides, a decrease in electrolyte 
conductivity due to CO2 absorption is a major factor affecting a lifetime of the cell 
(Sapkota & Kim, 2009). 
 
2.1.7. Protonic ceramic fuel cells 
The protonic ceramic fuel cell (PCFC) is a new class of fuel cells that are 
fundamentally different and unique in comparison with other conventional fuel cells (Fig. 
2.2h). It is based on ceramic materials possessing high proton conductivity at elevated 
temperatures, which are used as an electrolyte (Coors, 2003; Spiegel, 2007; Ding et al., 
2008; Zhang et al., 2012). When water vapour enters a crystal lattice of the oxide 
material (protonic electrolyte) such as SrCo0.9Sb0.1O3-δ or La0.8Sr0.2MnO3−δ perovskites 
(Ding et al., 2008) a water molecule reacts with one occupied and one vacant oxygen site 
to produce two protons (Coors, 2003; Kreuer et al., 2004). High operation temperatures 
in this type of fuel cell allow to directly use a hydrocarbon fuel without the costly 
reforming process to convert it into hydrogen. First, the fuel (CH4) gets adsorbed on the 
surface of the anode and in the presence of water vapours gets converted into CO2 and 
hydrogen, which consequently dissociates into protons. Then newly free protons diffuse 
through the protonic electrolyte to the cathode where they combine with oxygen to form 
water. In the case zirconia electrolyte used (Fig. 2.2i), the mechanism of charge transfer 
turns into that of SOFC and O2- becomes a charge carrier. Because of this specific 
feature, PCFCs combine both thermal and kinetic advantages of MCFCs and SOFCs, due 
to high operation temperatures (~700oC), and also show intrinsic benefits of PEMFCs 
                                                          
2
 All the potentials hereafter are versus Standard Hydrogen Electrode (SHE) unless otherwise stated 
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and PAFCs. Moreover, this kind of membrane is very mechanically robust and does not 
allow any fuel cross-over, does not dry out and the proton conducting liquid does not leak 
out. This puts it in an advantageous position amongst conventional fuel cells. Unlike 
SOFCs, during the cell operation, water forms on the cathodic side that allows to avoid 
fuel dilution and, as a result, to get electrical efficiency close to 55-65% (Coors, 2009). 
 
2.2. Redox flow cells 
Redox flow cells (RFCs) are electrochemical devices, which are very similar to 
rechargeable batteries, but one very distinctive feature: the energy in redox batteries is 
stored in two soluble redox couples contained in external reservoirs, unlike conventional 
batteries, where it is stored within the solid-state electrodes structure (Bartalozzi, 1989; 
Ponce de Leon, 2006; Pletcher, 2010; Yang, 2011). The general schematic of a redox 
flow battery is shown in Fig. 2.3. Solutions of the anolyte (containing RedA(n-1)+/OxAn+ 
couple) and the catholyte (containing RedC(n-1)+/OxCn+  couple) are pumped through the 
electrochemical cell, where electrical energy is converted into chemical energy during the 
charge or chemical energy is converted into electrical energy in a discharge mode 
(Nguyen & Savinell, 2010; Ponce de Leon et al., 2006; Webber et al., 2011). Anodic and 
cathodic compartments of the cell, similar to fuel cells, are separated by a membrane, 
which selectively allows passage of electrochemically inactive charge-carrying ions, such 
as H+, Cl-, Na+, BF4- etc. (Fig. 2.4), depending on the type of a redox flow cell (Li et al., 
2011; Weber et al., 2011; Diaz-Gonzalez et al., 2012). 
 
2.2.1. All-vanadium redox flow cell 
The all-vanadium redox flow cell (VRFC) was discovered by Skyllas-Kazacos et 
al. in 1985 (Sum et al., 1985; Skyllas-Kazacos et al., 1986) and has been the most studied 
and developed redox flow cell system to date. It is often called the first generation 
vanadium redox flow cell (G1 VRF; Skyllas-Kazacos, 2010; Skyllas-Kazacos et al., 
2010). The principle of the VRFC operation is based on exploiting the ability of 
vanadium to exist in four different oxidation states, which form soluble species (Tokuda  
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Figure 2.3. A general schematic of a redox flow cell system. 
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et al., 2000; Ponce de Leon et al., 2006; Kear et al., 2012). The V(III)/V(II) redox couple 
in sulfuric acid is applied at the negative electrode while the positive electrode uses the 
V(V)/V(IV) redox couple (Fig. 2.4a) that allows to have a relatively high standard cell 
potential of 1.2 V. In reality, the vanadium is not present in sulfuric acid solutions as 
simple metal cations and forms more complex species such as vanadyl, VO2+, and 
vanadic, VO22+, ions (Blanc, 2009). The general schematic presented in Fig. 2.4a does 
not reflect real chemical reactions occurring in the cell, because it considers 
electrochemically active species only. The complete ionic equation involving spectator 
ions shown in Fig. 2.5 allows to fully understand the complexity of the system and realize 
why protons are the charge-carrying ions and how the VRFC performance is affected by 
the catholyte/anolyte compositions (Blanc, 2009; Blanc & Rufer, 2010). In general, when 
the VRFC is charged vanadous ions (V3+) in the anolyte get reduced to hypovanadous 
ions (V2+) and extra sulfate ions are generated (Fig. 2.5). On the other side of the 
membrane vanadyl ions in catholyte get oxidized to vanadic ions and the electrons 
released travel to the electric circuit while the protons generated migrate across the 
membrane to the anolyte and combine with sulfate ions to maintain the charge balance. 
Carbonaceous materials with a high surface area such as carbon felt are usually used as 
electrodes (cathode and anode). However, modification of carbon felt electrodes was 
shown to improve energy efficiency of the cell from 68 to 75% as well as allowed to 
maintain electrochemical activity of the electrodes for over 500 charge/discharge cycles 
(Kim et al., 2011). 
Since H+-ions are responsible for the charge transfer, perfluorinated proton 
exchange membranes such as Nafion are used in VRFCs (Zhang, 2010). However, their 
chemical stability with respect to the highly oxidative V5+ species (Sukkar & Skyllas-
Kazacos, 2004; Luo et al., 2005; Kear eat al., 2011) as well as permeability of vanadium 
ions (Tang et al., 2012a, 2012d; Knehr et al., 2012) poses certain concerns. Therefore, 
either modification of Nafion-based membranes or development of alternative 
membranes with improved ion selectivity, such as non-fluorinated sulfonated poly(aryl 
ether ketone), sulfonated poly(aryl ether sulfone) or sulfonated poly(imide) polymers 
(Chen et al, 2010; Chen et al., 2010a; Li et al., 2011; Yang et al., 2011; Fujimoto et al., 
2012) required to mitigate vanadium ions crossover.  
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Figure 2.4. Schematic of charge transfer in different redox flow systems (adapted 
from Weber et al., 2011). 
a)all vanadium, b) vanadium/bromine, c) iron/chromium, d) Fe-EDTA/bromine, 
e) zinc/cerium, f) bromine/polysulphide, g) non-aqueous ruthenium, h) non-
aqueous vanadium, i) non-aqueous chromium. 
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Figure 2.5. Schematic of the ionic reactions taking place in the all-vanadium redox flow cell during the charge (adapted from 
Blanc & Rufer, 2010) 
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Trogadas et al. (2012) showed that vanadium ions permeability through the Nafion 
membrane can be lowered by 80-85% by incorporation of up to 3 wt% of SiO2 in its 
matrix. However, Yue et al. (2013) synthesized a novel sulfonated polyimide/chitosan 
composite membrane, which showed significantly higher proton selectivity and ten times 
lower permeability of VO2+ ions in comparison with Nafion 117 membrane. 
Aaron et al. (2012) have also shown that the cell architecture plays a significant 
role in achieving a good RFC performance. In particular, by using a zero-gap cell design 
they managed to achieve the highest power density of 557 mW cm-2 at ~ 0.8V – the 
highest reported value for all-vanadium redox flow battery to date. 
In spite of its relative simplicity this type of redox flow cell has major 
limitations consisting in a self-discharge due to vanadium ions crossover and the fact that 
the maximum concentrations of V3+ and V2+ ions in sulfuric acid solutions are limited to 
approximately 2 mol L-1, which do not allow to obtain high power densities (25-35  
W h kg-1; Ponce de Leon et al., 2006; Kear et al., 2012). Wang et al. (2012) examined the 
possibility of employing multiple redox couples such as Fe2+/Fe3+ and V2+/V3+. Using the 
electrolytes comprised of 1.5 M iron and 1.5 M vanadium ions solutions in the mixture of 
1.5 M H2SO4 and 3.8 M HCl, they observed a significant increase in energy density (16.7 
Wh L-1 mol-1) in this hybrid redox flow cell in comparison with that of VRFC  
(14.1 Wh L-1 mol-1).  
 
2.2.2. Vanadium/bromine redox flow cell 
The vanadium/bromine redox flow cell (V/Br RFC) is an improved version of 
the all-vanadium redox flow cell and uses vanadium bromide electrolytes in both half-
cells (Vafiadis & Skyllas-Kazacos, 2006; Ponce de Leon, 2006; Skyllas-Kazacos, 2010; 
Weber et al., 2011), because vanadium solubility can be significantly increased in the 
presence of halides. Usually, 2-4 M solution of vanadium ions in the mixture of 7.5 M 
HBr and 1.5 M HCl is used (Skyllas-Kazacos et al., 2010). Sometimes this type of cell is 
referred to as the Generation 2 vanadium bromide redox flow cell (G2 V/Br; Skyllas-
Kazacos et al., 2010). In this case, when the cell is charged the bromide ions in the 
positive half-cell get oxidized to the polyhalide ion ClBr2- or BrCl2- (Fig. 2.4b), whereas 
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V3+ undergoes reduction to V2+ ion (Skyllas-Kazacos, 2003; Skyllas-Kazacos et al., 
2010).  
Although the use of vanadium bromide electrolytes boosted the maximum 
obtainable energy density up to 50-70 W h kg-1 (Skyllas-Kazacos, 2010; Ponce de Leon 
et al., 2006), it did not address the existing issues pertaining to vanadium ions crossover 
and introduced another potential concern – the emission of toxic bromine vapors during 
operation. In this regard, a series of bromine complexing agents, such as 
tetrabutylammonium bromide, polyethylene glycol, N-methyl-N-ethyl morpholinium 
bromide and N-methyl-N-ethyl pyrrolidinium bromide, was suggested to be added to the 
electrolyte solutions by Skyllas-Kazacos et al. (2010). It was shown that the addition of 
0.75-0.80 M total complexing agent can stabilize the solution and stop emissions of 
bromine at 11oC. Unfortunately, these complexing agents were found to be ineffective at 
temperatures about 40oC and higher.  
 
2.2.3. Iron/chromium redox flow cell 
The iron/chromium redox flow cell was the very first redox flow storage system 
developed in the early 1970s (Bartalozzi, 1989). It is based upon the use of the redox 
couples of Fe(III)/Fe(II) and Cr(III)/Cr(II) in an acidic medium (Fig. 2.4c) as the 
catholyte and the anolyte (usually 1M FeCl2 and 1M CrCl3 in 2M HCl, respectively) 
(Lopez-Atalaya et al., 1991; Lopez-Atalaya et al., 1992; Yang et al., 2011). When the 
system operates in a discharge mode, the ferric ions get reduced to ferrous ions, while the 
chromious ions get oxidized to chromic ions releasing electrons. In order to maintain the 
balance of charges, chloride ions diffuse through the membrane to the anolyte side. 
The cell can operate with either a cation or anion exchange membranes or even 
non-selective microporous plastic separator (Lopez-Atalaya et al., 1992; Ponce de Leon 
et al., 2006; Weber et al., 2011). Typically carbon fiber, graphite or carbon felt are used 
as electrodes. However, unlike the Fe3+/Fe2+ redox couple exhibiting fast kinetics on the 
carbonaceous materials, the use of a catalyst such as Au, Pb or Bi is required for the 
Cr3+/Cr2+ redox couple to enhance its electrode kinetics (Lopez-Atalaya et al., 1991; 
Yang et al., 2011). In addition to crossover of chromium ions to the iron stream and vice 
versa, a hydrogen evolution during the reduction of Cr3+ to Cr2+ ions (charge mode) 
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appears to be a competitive process, and is accounted for about 0.6% loss of coulombic 
efficiency of the system (Lopez-Atalaya et al., 1992). 
 
2.2.4. Fe-EDTA/bromine redox flow cell 
Iron-EDTA/bromine redox flow cell is similar to the above-considered systems, 
and it employs a Nafion membrane to separate cathodic and anodic compartments as well 
as graphite felt material is used as electrodes (Wen et al., 2006). Typically, 1M NaBr 
solution and 0.1M Fe(III)-EDTA in 1M CH3COONa are used as an anolyte and 
catholyte, respectively. The complexation of iron ions with EDTA made it possible to 
shift a standard potential to lower values (-0.11 V) in comparison with uncomplexed 
Fe(III)/Fe(II) redox couple (Murthy & Srivastana, 1989), which is believed to be 
observed because of formation of more stable Fe(III) complexes. When the cell 
discharges, Fe(II)-EDTA complexes are oxidized to Fe(III)-EDTA (Fig. 2.4d), whereas 
Br2 is reduced to Br-. The main concern about this type of cell, similar to V/Br RFCs, is 
in the formation of free bromine during a charge process. Although bromine is not very 
soluble in water, it is very soluble in the solutions containing Br- ions, where it tends to 
form polybromide ions, Br3- (Wen et al., 2006), which can diffuse through the membrane. 
Nonetheless, despite the above issue as well as low open circuit voltage, iron-
EDTA/bromine redox flow cell was found to exhibit energy efficiency of ~80% at a 
current density of 10 mA cm-2. 
 
2.2.5. Zinc/cerium redox flow cell 
Zinc/cerium redox flow cell (Zn/Ce RFC), consisting of Zn/Zn2+ and Ce3+/Ce4+ 
redox couples, exhibits the highest theoretical cell potential (2.6 V; Ponce de Leon et al., 
2006; Weber et al., 2011; Xie et al., 2013) among all known aqueous redox flow systems 
(Fig. 2.4e). The high operation potential here is achieved by using methane sulfonic acid 
(MSA; 1-5 mol L-1) instead of sulfuric acid. By replacing it with MSA, the solubility of 
Ce(III) and Ce(IV) was increased up to 1 mol L-1 in comparison with that in sulfuric acid 
(less than 0.5 mol L-1; Leung et al., 2011). Since the charge carrying ions in this cell are 
protons (Fig. 2.4e) typically proton exchange membrane, such as Nafion, is used to 
separate negative and positive electrodes. The redox reactions of zinc ions usually occur 
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at a flat carbon composite electrode, whereas a relative slowness of the cerium redox 
reactions requires use of electrodes possessing a high surface area and/or catalyst, such as 
carbon felt, platinised titanium mesh or reticulated vitreous carbon, as well as operating 
temperatures about 60oC (Ponce de Leon et al., 2006; Leung et al., 2011). The 
composition of the positive electrolyte also has a great effect on charge/discharge 
performance of the cell, therefore various additives, such as EDTA, sulfosalycilic acid, 
diethylenetriaminepentaacetate or phthalic aldehyde, are often added to improve the 
stability of the electrolyte and the kinetics of the half-cell reaction (Xie et al., 2013). The 
maximum achievable energy efficiency of ~46% at current density of 20mA cm-2 was 
reported by Leung et al. (2011). 
The major challenges of this type of redox flow cell are evolution of oxygen 
during charging process due to a) the fact that oxidation of Ce3+ to Ce4+ occurs at a very 
positive potential within the range of 1.2-1.7 V; b) chemical stability of the positive 
electrode and also c) possible deposition of zinc on the negative electrode in very acidic 
media (Xie et al., 2013). 
 
2.2.6. Bromine/polysulphide redox flow cell 
Bromine/polysulphide redox flow cell (Br/polyS RFC) is based on the use of the 
Br-/Br2 and S22-/S42- redox couples (Ponce de Leon et al., 2006; Nguyen & Savinell, 
2010; Weber et al., 2011), which allows to achieve a reasonably high theoretical cell 
potential (1.5 V). During the charge process, bromide ions get oxidized at the surface of a 
graphite or carbon felt electrode (Zhou et al., 2006) and form the tribromide ion (Fig. 
2.4f), while polysulphide ions are reduced to sulphides at the porous nickel sulphide or 
nickel foam electrode (Ponce de Leon et al., 2006). Since all the electrochemically active 
species in the system are anions, a cation selective membrane (usually Nafion) is used to 
separate the catholyte and anolyte streams to prevent the bromine from directly reacting 
with sulfur anions (Yang et al., 2011). Typically, 1 M NaBr solution saturated with 
bromine and 2 M Na2S are used as the positive and negative electrolytes, respectively. 
Therefore, to maintain the electrical balance within the electrochemical cell the charge is 
carried by sodium ions. The maximum achievable energy efficiency in this system was 
observed to be ~77% at the current density of 40 mA cm-2 (Ponce de Leon et al., 2006). 
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Scamman et al. (2009) developed numerical model of the Regenesys Technologies Ltd. 
pilot-scale bromine/polysulphide redox flow battery system that allowed to optimize 
some operational parameters and predict the energy efficiency of ~60%. 
The major challenge of this type of redox flow cell is the electrolyte crossover, 
which can lead to undesirable precipitation of sulphur species as well as formation of 
hazardous hydrogen sulphide and bromine (Weber et al., 2011; Ponce de Leon et al., 
2006). 
 
2.2.7. Non-aqueous ruthenium redox flow cell 
Non-aqueous redox flow cells is another chapter in the development of redox 
flow energy storage systems. The main reason in considering non-aqueous electrolytes 
for use in RFCs is the ability of boosting the cell potentials (Singh, 1984). Besides, many 
redox couples and reactants have a higher solubility in non-aqueous solvents that 
ultimately allows to increase power density of the system. However, despite having a 
number of advantages over water-based systems, low electrolyte conductivity, not 
superior stability and also higher cost of organic solvents are hurdles in the way of 
development of non-aqueous RFCs. 
Ruthenium-based redox flow cell was one of the first non-aqueous systems 
developed (Singh, 1984). The cell created by the redox couples of bipyridine (bpy) 
complexes of ruthenium in four different oxidation states, i.e. [Ru(bpy)3]2+/[Ru(bpy)3]3+ 
and [Ru(bpy)3]+/[Ru(bpy)3]2+, exhibited the cell potential of 2.6 V (Fig. 2.4g), which is 
only comparable with that for Zn/Ce RFC, but significantly higher than any other 
aqueous RFCs. The electrolytes in this system usually comprise of 0.15 M tris(2,2′-
bipyridine)ruthenium(II) tetrafluoroborate (Ru(bpy)3(BF4)2) in anhydrous acetonitrile 
(CH3CN). Since BF4- ions are responsible for the charge transfer (Fig. 2.4g), the solution 
of 1.5M tetraethylammonium tetrafluoroborate ((C2H5)4NBF4) is used as the supporting 
electrolyte to increase conductivity (6.90·10-2 and 1.20·10-2 S cm-1 with and without the 
supporting electrolyte, respectively; Matsuda et al., 1988). Despite its high open circuit 
voltage this type of RFC showed energy efficiency of only ~40% (Weber et al., 2011). 
The use of acetyacetonate complexes (acac) of ruthenium, however, resulted in a 
significantly lower cell potential of ~ 1.75 V (Chakrabarti et al., 2011). Mun et al. (2012) 
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suggested to use the redox couples of bipyridine complexes of iron and nickel, which can 
create the higher cell voltage of ~2.2 V and also allow to achieve higher coulombic and 
energy efficiencies of ~ 90% and 80%, respectively. 
 
2.2.8. Non-aqueous vanadium redox flow cell 
Unlike VRFC, vanadium redox flow cell (V(acac)3 RFC) employs only three 
oxidation states of vanadium, and based upon the V(acc)3/[V(acac)3]+ and [V(acac)3]-
/V(acac)3 redox couples (Shinkle et al., 2012). The mechanism of charge transport in all 
considered non-aqueous RFCs (Figs. 2.4g-i) is identical as the same components are used 
in the electrolytes composition and, therefore, will not be considered in detail for each of 
them. Because of their relatively good kinetics, both reactions, the reduction of 
[V(acac)3]+ and oxidation of V(acac)3 species, occur at glassy carbon electrodes (Liu et 
al., 2009). Shinkle et al. (2012) achieved ~70% coulombic efficiency and ~35% energy 
efficiency in this system. However, it was shown that performance of the cell can be 
affected by environmental oxygen and water by triggering undesirable side-reactions and, 
eventually, leading to the solvent and entire system degradation. 
 
2.2.9. Non-aqueous chromium redox flow cell 
Non-aqueous chromium redox flow cell, similarly to V(acac)3 RFC, is based 
upon one-electron disproportination of chromium acetylacetonate complex Cr(acac)3, i.e. 
Cr(acc)3/[Cr(acac)3]+ and [Cr(acac)3]-/Cr(acac)3 redox couples (Fig. 2.4i). Despite the 
very high open circuit potential of this system (3.4 V; Liu et al., 2010; Weber et al., 
2011) relatively low coulombic (~55%) and energy efficiency (~22%) were observed by 
Liu et al. (2010) mainly because of the crossover of electrochemically active species and 
ohmic losses. 
 
2.3. Biofuel cells 
The earliest concept of a biofuel cell (BFC) was demonstrated by Professor 
Potter at the University of Durham, UK in the early XXth century when he discovered 
that degradation of organic matter by microorganisms is accompanied by the liberation of 
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electrons, which can be successfully harvested (Potter, 1911). Despite this 
groundbreaking discovery, this idea did not get much attention until the early 1960s, 
when NASA expressed a keen interest in generation of electricity from human waste 
during space missions (Kim et al., 2006). A revived interest to BFCs occurred in the early 
1970s during the oil crisis (Shukla et al., 2004). A great deal of research has been 
conducted in this area ever since (Bullen et al., 2006; Du et al., 2007; Davis & Higson, 
2007; Das & Mangawani, 2010; Singh et al., 2010; O’Neill et al., 2011; Rahimnejad et 
al., 2011; Wang & Ren, 2013), however, very few practical advances have been 
achieved. 
Biological fuel cells are electrochemical devices, which are capable of 
converting organic substances directly to electrical energy. From this prospective they are 
similar to conventional FCs, however have a fundamental difference that consists in 
catalyzing electrochemical reactions by living microorganisms or products of their 
metabolism, or enzymes (Kim et al., 2006; Davis & Higson, 2007). In this light all 
biofuel cells are usually divided into two major groups (Fig. 2.1) – microbial (MFC; 
Singh et al., 2010; Du et al., 2007; Oh, 2008; Das & Mangwani, 2010; Filip et al., 2012) 
and enzymatic fuel cells (EFC; Minteer et al., 2007; Cooney et al., 2008; Barriere, 2010). 
However, there are other ways of classifying biofuel cells. One of them is based on the 
type of fuel used and a pathway of energy conversion. According to this principle BFCs 
can be split into three major categories: 1) biofuel cells based on conversion of an organic 
waste into a secondary fuel (Shukla et al., 2004; Logan, 2008; Guo et al., 2012), which 
then is used in a conventional fuel cell; 2) biofuel cells that directly convert a fuel 
(organic substrates) to electricity (Chaudhuri & Lovley, 2003; Kerr & Minteer, 2008; 
Velasquez-Orta et al., 2009; Kassongo & Togo, 2010; Oncescu & Erickson, 2011), and 
3) photochemical biofuel cells, which combine the use of both photochemically active 
systems and a biological component to harvest the energy from sunlight (de la Garza et 
al., 2005; O’Neill et al., 2011). 
Depending on if biological systems (microorganisms or enzymes) are employed 
at an anode, cathode, or both anode and cathode, biofuel cells are called anodic, cathodic 
or complete, respectively (Barton et al., 2004; Barriere, 2010). In practice, the majority of 
BFCs are anodic and employ oxygen as an electron acceptor, because it possesses a fairly 
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high oxidation potential (E=+0.82 V), readily available and it is not harmful to the 
environment (Kim et al., 2007; De Schamphelaire et al., 2008). Therefore, the operation 
principle of only anodic microbial fuel cell is considered in this work (Fig. 2.6) on an 
example of glucose oxidation (Shukla et al., 2004; Singh et al., 2010). The molecules of a 
substrate are oxidized by bacteria in the anodic compartment of the cell and electrons are 
released. 
 
C6H12O6 + 6 H2O  6 CO2 + 24 H+ + 24e-  Eo=0.014  {2.7} 
 
Since the direct electron transfer from the microorganism to the anode (Fig. 
2.6a) is believed to be not a very efficient process because of non-conductive properties 
of the lipid membrane of microbial cell (Chaudhuri & Lovley, 2003; Du et al., 2007), 
mediator compounds are often added in the solution (Fig. 2.6b; Kano & Ikeda, 2000; 
Wilkinson et al., 2001; Ikeda & Kano, 2003; Rabaey et al., 2005; Bullen et al., 2006; 
Davis et al., 2007). It has been recently discovered that some microorganisms are capable 
of forming so-called “live wires” or “nanowires” (Fig. 2.6c), which are basically highly 
conductive networks of filaments (pili) that transfer electrons with an efficiency as high 
as metallic conductors (Logan, 2008; Lovley, 2008; Lovley, 2011; Babauta et al., 2012). 
Then, electrons from the anode travel via an external resistance to the cathode and take 
part in the oxygen reduction reaction with protons that diffused through the cation 
exchange membrane to complete the electrical circuit. As for enzymatic fuel cells, a 
general operation principle remains the same, except for the fact that redox reactions are 
catalyzed by enzymes and electrons transferred by mediators, which are usually 
immobilized in the electrodes. In some cases, this allows to avoid separation of the 
electrodes and build membraneless EFCs (Barton et al., 2004; Topcagic & Minteer, 
2006; Bullen et al., 2006; Flexer et al., 2013), ultimately eliminating one of the major 
sources of cell potential losses (Singh et al., 2010; Ji et al., 2011; Malvankar et al., 2012). 
As aforementioned, there are few mechanisms of electron transfer in microbial 
fuel cells (Fig. 2.6), and it is believed that this process has the largest contribution into 
potential losses. Unfortunately, not all microorganisms can have a direct contact with the 
electrode surface and, therefore, quite often the use of effective mediators, such as  
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Figure 2.6. Schematic of the operation principle of a Microbial Fuel Cell with 
possible pathways of electron transfer (adapted from Rabaey & 
Verstaraete, 2005) 
a - direct electron transfer; b – electron transfer through mediators; c – electron 
transfer through nanowires. 
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9,10-anthraquinone-2,6-disulfate (AQDS; Adachi et al., 2008), 2-hydroxy-1,4-
naphthaquinone (HNQ; Park & Zeikus, 2003) or 1,4-naphthaquinone (NQ; Lowy et al., 
2006) is essential to facilitate the electron transfer. 
The main differences between microbial and enzymatic fuel cells are listed in 
Table 2.1. The use of different types of catalysts in MFCs and EFCs has a great impact 
on their performance as well as lifetime. Thus, microbial fuel cells can operate with 
reasonable deterioration in performance for months and sometimes even years, whereas 
the lifetime of enzymatic fuel cells is limited to hours or, in the best case scenario, to a 
few months, mainly due to low enzyme stability. This, in turn, significantly undermines 
their chances of possible commercialization (Kim et al., 2006). 
 
Table 2.1. The main differences between microbial fuel cells and enzymatic fuel cells 
(adapted from Pant et al., 2012) 
Microbial Fuel Cells Enzymatic Fuel Cells 
Bacteria are used as catalyst Enzymes are used as catalyst 
Main application in treating low 
strength wastewater 
Main application in powering 
biomedical devices 
Low power and current density Higher power and current density 
Complete oxidation of fuel/substrate Incomplete oxidation of fuel/substrate 
Lifespan up to several moths Lifespan a few hours to few days 
 
A great number of researchers have tried to improve performance of microbial 
fuel cells by using different catalyst systems (Table 2.2, 2.3) and various mediators 
(Bullen et al., 2006; Kjeang et al., 2006), by immobilization of microorganisms (Moore 
et al., 2005; Liu et al., 2005; Herrero-Hernandez et al., 2013), by modification of the 
electrodes by using nanomaterials (Vincent et al., 2009; Kim et al., 2008) or doping with 
ionic liquids (Zhang & Zhang, 2012), by changing design/configuration of the 
electrochemical cells (Rabaey & Verstraete, 2005; Ieropoulos et al., 2010; Carver et al., 
2011; Luo et al., 2011; Zhu et al., 2012) and also changing/optimizing operating 
conditions (Rincon et al., 2011; Tang et al., 2012c; Sevada & Sreekrishnan, 2013). 
However, none of those allowed achieved the performance comparable with that of 
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Table 2.2. The biocatalysts commonly used in MFCs (adapted from Pant et al., 2012) 
Bacterium Process 
Anodic compartment 
Geobacter sulfureducens  Acetate oxidation 
Shewanella oneidensis  Acetate, lactate, glucose oxidation 
Sacharomyces cerevisiae  Glucose oxidation 
Shewanella purtrefaciens  D, L-lactate oxidation 
Pseudomonas aeruginosa  Glucose oxidation 
Klebsiella pneumonia  Glucose oxidation 
Escherichia coli Glucose oxidation 
Clostridium butyricum Glucose, fructose, glycerol oxidation 
Cathodic compartment 
Leptothrix discophora  Oxygen reduction 
Geobacter sulfurreducens Reduction of U(VI) to U(IV) 
Geobacter lovleyi Reduction of fumarate to succinate 
Nitrosomonas sp. Reduction of nitrite to nitric oxide 
Actinobacillus succinogenes Reduction of carbon dioxide to methane 
 
 
Table 2.3. The catalysts commonly used in EFCs (adapted from Pant et al., 2012) 
Enzyme Process 
Anodic compartment 
Pyrolloquinoline quinine (PQQ) Oxidation of NADH and NADPH to 
NAD(P)+ 
Alcohol and aldehyde dehydrogenase Ethanol oxidation 
Glucose oxidase  Glucose oxidation 
Glucose dehydrogenase Oxidation of glucose to gluconate 
Cellobiose dehydrogenase Glucose, lactose, cellobiose oxidation 
Hydrogenase Hydrogen oxidation 
Cathodic compartment 
Laccase Reduction of oxygen to water 
Microperoxidase Reduction of hydrogen peroxide to water 
Bilirubin oxidase (BOx) Reduction of oxygen to water 
Horseradish peroxidase (HRP) Reduction of hydrogen peroxide 
Multi-copper oxidase (MCO)  Four-electron reduction of oxygen 
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Table 2.4. Comparison of the performance of some microbial biofuel cells 
Anode Cathode Separator Microbial source Fuel Power output Reference 
Graphite Graphite in 
K3Fe(CN)63- 
Ultrex 
membrane 
Potato processing 
sludge Glucose/O2 360 µW cm
-2
 
Rabaey et al., 
2003 
Graphite Graphite in 
K3Fe(CN)63- 
Ultrex 
membrane 
Evolved potato 
processing sludge Glucose/O2 431 µW cm
-2
 
Rabaey et al., 
2004 
Graphite with Mn4+ Graphite with Fe3+ Ceramic Sewage sludge Lactate/O2 78.8 µW cm-2 
Park & Zeikus, 
2003  
Polytetrafluoroaniline 
on graphite Graphite Nafion Clostridium 
Glucose or 
starch/O2 
1000-1300  
µW cm-2 
Neissen et al., 
2004 
Carbon paper Carbon cloth/Pt None Wastewater Glucose or 
wastewater/O2 
49.4 µW cm-2 Liu & Logan, 2004 
Graphite disk Graphite disk None Marine sediment 
Sediment 
organics/O2 
(seawater) 
30 mW m-2 Lowy et al., 2006 
Graphite fibre brush Ammonia treated 
carbon cloth/Pt None Chlorella vulgaris 
Carbohydrates/
O2 
0.98 W m-2 / 
277 W m-3 
Velasquez-Orta 
et al., 2009 
Graphite fibre brush Ammonia treated 
carbon cloth/Pt None Ulva lactuca 
Carbohydrates/
O2 
0.76 W m-2 / 
215 W m-3 
Velasquez-Orta 
et al., 2009 
Carbon fibre Carbon fibre Hyflon Sewage activated 
sludge 
Acetate 
(wastewater)/O2 
80 mW cm-2 at 
150 mA cm-2 
Ieropulos et al., 
2010 
Carbon paper Carbon paper/MWCNT/Pt Nafion Enterobacter cloacae Cheese whey 17 W m
-2
 
Kassongo & 
Togo, 2010 
Carbon paper Carbon paper/Pt None Gella dairy anaerobic 
sludge Glucose/O2 
80 mW m-2 at 
988 mV 
Tardast et al., 
2012 
Graphite felt Graphite felt Ultrex 
membrane Laminaria saccharina Glucose/O2 
250 mW m-2 at 
550 mV 
Gadhamshetty 
et al., 2013 
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Table 2.5. Comparison of the performance of some enzyme-based biofuel cells 
Anode Cathode Separator Fuel Power output Reference 
Au/GOx Au/microperoxidase Glass frit Glucose/H2O2 
32 µW at 0.31 V vs. 
SCE 
Willner et 
al., 1998 
Au/GOx Au/microperoxidase H2O/CH2Cl2 interface 
Glucose/cumene 
peroxide 
520 µW at 1V vs 
SCE 
Katz et al., 
1999a 
Au/GOx Au/cytochrome 
c/cytochrome oxidase None Glucose/O2 4 µW 
Katz et al., 
1999b 
Pt 
C or Pt with laccase in 
solution Nafion H2/O2 
42 µW cm-2 at 0.61 
V vs SCE 
Tayhas et al., 
1999 
Graphite 
(formate/aldehyde/alcohol 
dehydrogenases solution 
Pt Nafion CH3OH/O2 
670 µW cm-2 at 0.49 
V vs SCE 
Tayhas et al., 
1998 
Glassy carbon, Os redox polymer, 
GOx 
Glassy carbon, Os redox 
polymer, BOD None Glucose/O2 58 µW cm
-2
 
Tsajimura et 
al., 2002 
7 µM carbon fibre, Os redox 
polymer, GOx 
7 µM carbon fibre, Os redox 
polymer, BOD 
None Glucose/O2 
64 µW cm-2/23oC, 
137 µW cm-2/37oC 
Chen et al., 
2001 
7 µM carbon fibre, modified Os 
redox polymer, GOx 
7 µM carbon fibre, modified 
Os redox polymer, laccase 
None Glucose/O2 
430 µW cm-2 at  
0.52 V 
Mano et al., 
2003a 
7 µM carbon fibre, modified Os 
redox polymer, GOx 
7 µM carbon fibre, modified 
Os redox polymer, LAC 
None Glucose/O2 
350 µW cm-2 at  
0.88 V 
Mano et al., 
2003b 
Porous C/CNT/GOx Porous C/CNT/LAC Nafion  99.8 µW cm-2 Liu et al., 2005 
Carbon felt/Nafion NBu4+ salt 
alcohol +aldehyde dehydrogenase Pt/C Nafion 
CH3OH/O2, 
C2H5OH/O2 
1550 µW cm-2,  
2040 µW cm-2 
Akers et al., 
2005 
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(Table 2.5 continued) 
Anode Cathode Separator Fuel Power output Reference 
Carbon disk/GOx immobilized on 
CNT 
Pt black painted on Nafion 
membrane Nafion Glucose/O2 
370.7 µW cm-2 in 
Na-PBS, 329.7 µW 
cm-2 in NH4-PBS 
Fischback et 
al., 2006 
GOx/NQ/catalase in MWCNT 
matrix Laccase in MWCNT matrix None Glucose/O2 
1.54 mW cm-2, 0.56 
mW h cm-2 at 0.5 V 
Reuillard et 
al., 2013 
PP-ABTS-LAC on PAMAM 
dendrimers ELAT/ Pt0.66Ru0.34 Nafion CH3OH/O2 
6 µW cm-2/MED in 
soln, 25 µW cm-2/ 
entrapped MED 
Cardoso et 
al., 2013 
GOx/Polymer I 
 
GOx/Polymer II 
 
BOD/Carbonaceous foam  
 
BOD/Carbonaceous foam 
 
None Glucose/O2 
202 µW cm-2 at  
0.40 V 
188µW cm-2 at  
0.35 V 
Flexer et al., 
2013 
GCE-MWCNTs/MDB/GDH GCE/banana (PPO) None Glucose/O2 57 µW cm
-2 at  
0.28 V 
Gu et al., 
2013 
 
BOD – bilirubin oxidase, GCE – glassy carbon electrode, SCE – saturated calomel electrode, CNT – carbon nanotube,  
MWCNT – multi-wall carbon nanotube, MDB – Meldola’s blue, GDH – glucose dehydrogenase, NQ – naphthoquinone,  
PP – polypyrrole, MED – mediator, ABTS – 2.2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate) diammonium salt, PAMAM – 
polyamidoamine, Na-PBS – sodium phosphate buffer solution, NH4-PBS – ammonium phosphate buffer solution, LAC – laccase,  
PPO – polyphenol oxidase, Polymer I – PVP-[Os(N,N’-dialkylated-2,2’-bis-imidazole)3]2+/3+,  
Polymer II – PVP-Os(1,1’-dimethyl-2,2’-biimidazole)2-2-[6-methylpiryd-2-yl]imidazole)2+/3+ 
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conventional fuel cells (Table 2.4). The maximum power density generated by MFCs still 
remains within a hundreds of milliwatts per cubic meter range, or ~1 mW L-1 (Degrenne 
et al., 2011). 
Enzymatic fuel cells are capable of producing higher power densities due to their 
ability to employ high concentrations of catalysts. In particular, Kim & Yoo (2013) 
synthesized a 6-layer glucose oxidase nanotube-based anode and tested it in the 
glucose/O2 biofuel cell with the cathode fabricated by co-immobilization of laccase and a 
mediator (2,2’-azinobis {3-ethylbenzothiazoline-6-sulfonate} diammonium salt) in a 
polypyrrole films. The use of nanotubes allowed to significantly increase enzyme loading 
in the anode, which resulted in quite high peak power density of 1.39 mW cm-2. By 
replacing single-walled nanotubes with carbon nanotube 3D matrix (based on multi-
walled carbon nanotubes) as well as employing naphthoquinone as a mediator, Reuillard 
et al. (2013) managed to attain even higher power density of 1.54 mW cm-2 (1.92 mW 
mL-1) that is the highest reported value for the glucose/O2 EFC to date (Table 2.5). 
One of the latest advances in the development of EFCs was made by Miyake et 
al. (2013), who built a flexible layered fructose/O2 biofuel cell. The use of carbon fiber 
electrodes decorated with carbon nanotubes allowed them to achieve the flexibility effect. 
Using fructose dehydrogenase at the anode and bilirubin oxidase at the cathode the 
authors built a stack of three single-cells (1.1 mm × 5.0 mm × 5.0 mm = depth × length × 
width), which generated an open-circuit voltage of 2.09 V, and produced a peak power of 
0.64 mW at 1.21 V. 
A very small power output of biological fuel cells predestines the areas of their 
potential applications. It is obvious that BFCs cannot contend with conventional fuel cells 
in a domain of transport and electricity generation. However, it is interesting to note that 
a liter of concentrated carbohydrate solution could power a middle-sized car for ~ 30 km 
(Davis et al., 2007), and, provided that it is equipped with a 50 L fuel tank, would allow 
to travel over 1000 km. Unfortunately, at a current stage of the technology development 
this idea remains elusive. Nonetheless, it has been demonstrated that BFCs can 
potentially be used to power low-power devices, such as remote biosensors powered by 
sediment MFCs (Donovan et al., 2008; De Schamphelaire et al., 2008) or pacemakers 
powered by implantable EFCs (Southcott et al., 2013), or be a bioenergy source for ultra-
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small electronics (Qian & Morse, 2011). Another area of BFCs application is based on 
the idea of remediation of polluted waters (Lefebvre et al., 2011; Braunstein, 2012; 
Herrero-Hernandez et al., 2013) or soils (Lowy et al., 2006; Chen et al., 2012; Morris & 
Jin, 2012; An et al., 2013) while concurrently harvesting electrical energy. Some 
researchers even suggest to use MFCs for electrochemically assisted production of a 
secondary fuel, such as biohydrogen and methane (Liu et al., 2005; Wagner et al., 2009). 
However, it is believed that the biggest potential of biological fuel cells, and miniature 
MFCs in particular, is to be used as a powerful tool for discovering novel capabilities of 
microorganisms and conducting single-bacterium studies (Qian & Morse, 2011). Deep 
knowledge and clear understanding of bacterial behavior might, eventually, bring biofuel 
cells technology to a totally new level. 
 
2.4. Challenges in current electrochemical electricity generation 
technologies 
A plethora of different electrochemical energy storage and/or conversion 
technologies were considered in previous sections (2.1-2.3) in quite a detailed manner, 
which gave us a sense of their advantages and existing “bottle necks” as well as their 
similarities and differences. A major common feature for all of them is the ability of 
converting chemical energy directly into electrical energy, which allows to avoid the 
Carnot cycle with a limited thermal efficiency (Hassanzadeh & Mansouri, 2005) and, 
ultimately, achieve a higher theoretical conversion efficiency (>70%). 
The biggest advantage of redox flow batteries and fuel cells in comparison with 
commonly used regular rechargeable batteries is in their ability to separate power and 
energy (Goodenough & Kim, 2011). Unlike conventional batteries, the electro-active 
materials in RFCs are not stored in electrodes, but rather stored externally in soluble 
redox couples (Fig. 2.3). This allows to optimize the electrocatalytic activity as well as 
designs of an anode and a cathode to maximize power density and to avoid significant 
physical and chemical changes the electrodes undergo during charge/discharge cycles 
(Nguyen & Savinell, 2010). In turn, the energy density of a system is determined by the 
size of catholyte and anolyte storage tanks, which makes redox flow cell systems flexible 
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and very easily scalable. Unfortunately, there are quite a few hurdles, which are in the 
way of wide-spread commercialization of this technology. A major challenge the redox 
flow batteries face is the shunt or parasitic currents that lead to self-discharge and, 
eventually, to energy losses due to cross-contamination of the catholyte and anolyte 
solutions (Yang et al., 2011). In addition, due to a high corrosive nature of electrolytes 
used, long-term durability (resistance to corrosion) of RFC components, such as 
membranes and bipolar plates, needs to be significantly improved. And lastly, high 
capital (>$500 per kW), operating and maintenance costs (~$0.008 per kWh) and relative 
toxicity of commonly used catholyte and anolyte solutions prevent RFCs from 
penetration on a wide energy storage market (Kear et al., 2012). 
Unlike RFCs, conventional fuel cells do not require recharging and are capable 
of generating electricity for as long as the fuel and oxidant are fed in the cathodic and 
anodic half-cells. The major weakness of all the conventional fuel cells though is in the 
use of oxygen as an oxidant, which exhibits very sluggish electrode kinetics. In order to 
improve the rate of oxygen reduction reaction (ORR) precious metal catalysts and 
elevated temperatures are usually applied. However, this seemingly easy way of boosting 
electrode kinetics triggers a whole chain of issues associated with the long-term 
durability of the system, such as dehydration and eventual degradation of the membrane, 
water crossover and corrosion of a catalyst carbon-support and degradation of bipolar 
plates, which in turn results in poor electrical performance (Borup et al., 2007). Aside 
from that, precious metal catalysts account for a main contribution into capital costs. 
Biological fuel cells have certain advantages in comparison with conventional 
fuel cells, because they employ living microorganisms or enzymes to catalyze anodic 
and/or cathodic reactions (Singh et al., 2010). This allows systems to operate at low 
temperatures (ambient) in absolutely harmless biodegradable media. However, the use of 
whole live bacteria takes its toll on BFCs performance, due to a poor electron transfer 
between the electroactive species and electrodes, and eventually results in a low power 
output of a MFC. The use of synthetic electron mediators helps boost electron transfer 
efficiency, although, in some cases mediators (or products of their decomposition) can be 
toxic to microorganisms and hinder or halt their performance (Das & Mangwani, 2010). 
Replacing bacteria with enzymes allows to achieve significantly higher power densities. 
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However, stability of enzymes poses a big obstacle in the way of their practical feasibility 
by drastically shortening the lifetime of EFCs. In addition to that, biological fuel cells 
require quite expensive components, are very difficult to scale up (Zhu et al., 2012) and 
also their membranes and electrodes are prone to biological fouling.  
 
2.5. Comparison of the BioGenerator with existing technologies 
A uniqueness of the electro-biotechnology studied in this work is in combining 
advantages of PEM fuel cells and biological fuel cells. As was already mentioned in 
Chapter 1, the BioGenerator employs the iron oxidizing microorganisms (Leptospirillum 
ferriphilum) in the cathodic half-cell (Fig. 1.4) to generate ferric ions, which then serve as 
an acceptor of the electrons liberated by the oxidation of hydrogen at the anode. The use 
of microorganisms allows to replace the very slow oxygen reduction reaction at the 
cathode with the fast electrode process of ferric iron reduction and, at the same time, 
remove precious metal catalyst from the cathode. In addition, operating temperature in 
this system does not have to be higher than 40oC that is desirable from the standpoint of 
operation costs of the system. Thus, this hybrid biotechnology for electricity generation 
addresses the major issue in the current fuel cell technology – the sluggish cathode 
kinetics, ultimately eliminating the need for acceleration of the electrode reaction by 
either expensive noble metal catalysts or high operating temperatures. 
 
2.6. Iron oxidizing microorganisms 
As aforementioned, iron oxidizing microorganisms are employed in the 
BioGenerator to catalyze the process of ferric iron regeneration, and are an inherent part 
of the uniqueness of this power generation system. 
A number of different types of iron oxidizing bacteria have been discovered in 
the acid mine drainage areas. The most common and thoroughly studied amongst them 
are Acidithiobacillus ferrooxidans (Nemati et al., 1998; Kupka et al., 2007), 
Leptospirillum ferriphilum (Rawlings, 1999; Coram & Rawlings, 2002), Leptospirillum 
ferrooxidans (Sand et al., 1992; Coram et al., 2005) and Ferroplasma acidiphilum 
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(Golyshina et al., 2000; Golyshina & Timmis, 2005). Despite the fact that these bacteria 
belong to different species, it is believed that the general mechanism of the energy 
harvesting from mineral (inorganic) substrates is very similar. Thus, the process of ATP 
synthesis and ferrous iron biooxidation by iron oxidizing microorganisms (Fig. 2.7) can 
be described as follows on an example of Acidithiobacillus ferrooxidans. A bacterium 
oxidizes ferrous ions in the proximity of its outer membrane, and the electrons released 
are used to reduce an outer membrane c-type cytochrome. After that a copper containing 
protein – rusticyanin – shuttles the electrons to the cytochrome oxidase situated at the 
inner side of the cytoplasmic membrane and, eventually, the electrons participate in the 
oxygen reduction reaction, which consumes protons. It creates a difference in the 
electrochemical potential across the membrane that drives phosphorylation of ATP, and 
the protons are “pumped” inside the cell (Crundwell, 1997; Rawlings, 1997). The overall 
process of ferrous iron oxidation by the microorganisms can be written as follows: 
 
4FeSO  2HSO  O  2Fe SO!"  2HO      {2.8} 
 
In turn, the consumption of protons during this process results in a significant increase in 
pH of the growth medium that creates favourable conditions for formation of mineral 
precipitates, such as schwertmannite and jarosites (Das et al., 1996; Wang et al., 2012; 
Coggon et al., 2012). 
 
2.6.1. Jarosite formation 
Jarosite has always been of a great interest to researchers and mainly because it 
plays an important part in mineral processing industries (Das et al., 1996). In some cases 
it is deliberately formed, as in the so-called “jarosite method”, where it is used to remove 
unwanted iron impurities in hydrometallurgical processes (Brand et al., 2012). However, 
on the other hand, it can cause really serious issues by blocking active reaction sites and 
creating kinetic barriers. A totally new chapter in the jarosite study has started since the 
time of discovery of the jarosite presence on Mars (Squyres et al., 2004), and the fact that 
formation of jarosite can be microbially induced makes it even more appealing topic for 
research from the standpoint of finding a biomarker on that planet.  
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Figure 2.7. Simplified schematic of the ferrous iron biooxidation by Acidithiobacillus 
ferrooxidans coupled with ATP synthesis (adapted from Kim & Gadd, 
2008). 
1 – rusticyanin, 2 – cytochrome oxidase, ATP – adenosine-5'-triphosphate, 
ADP – adenosine-5'-diphosphate 
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Figure 2.8. Diagram of relative jarosite stability with respect to acidity of the 
medium at 298 K, 1 atm., and [K+]=[SO42-]=10-6 (adapted from Elwood 
Madden et al., 2012). 
 
As aforementioned, the ATP synthesis in iron oxidizing bacteria is accompanied 
by the formation of ferric ions, which consequently can hydrolyze to give different 
oxyhydroxides and oxyhydroxysulfates, depending on the conditions (Fig. 2.8). 
Bioleaching processes with the aid of iron oxidizing bacteria are usually characterized by 
high iron concentrations (more than 20 g Fe3+ L-1) and high acidity (pH 1-4.5), which is a 
region of good stability of jarosite minerals. There are several ways of jarosite formation, 
i.e. direct pathway (Equation 2.9) or via intermediate schwertmannite formation 
(Equations 2.10, 2.11). 
 
( )( ) +−++ +→+++ HOHSOKFeOHSOKFe 6623 6432
2
4
3
     {2.9} 
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( ) +−+ +→++ HSOOHOFeOHSOFe 22148 46882
2
4
3
      {2.10}
( ) ( ) ( ) OHFeOHSOKFeHKSOSOOHOFe 2
3
6243
2
44688 8516 ++→+++ +++−   {2.11} 
 
French et al. (2012) also believe that the second pathway is more likely to occur. 
However, as the stability window for the schwertmannite ranges from pH 2.8 to 4.5, it 
gradually transforms into jarosite in the presence of low concentration of potassium ions 
(Gonzalez-Contreras & Weijma, 2012). 
Elwood Madden et al. (2012) showed that at pHs lower than 3.5 jarosite starts 
dissolving by the reaction opposite to the equation {2.9}. The rate of the dissolution 
process varies depending on the conditions and can be estimated by the following semi-
empirical correlation: 
 
# $ 10'(.*+,-./.*00  10'1/.0(,2-3/."0      {2.12} 
 
where r is the rate of dissolution, ,-. and ,2-3 are the activities of H+ and OH- ions, 
respectively. 
 
2.6.2. Leptospirillum species 
Leptospirillum sp. bacteria are gram-negative, aerobic chemolithotrophic 
organisms capable of using ferrous iron as an electron donor and oxygen as an electron 
acceptor to satisfy their energy needs and carbon dioxide from the atmosphere as a sole 
carbon source. Depending on the stage in their development (age) the shape and size of 
cells can vary. In particular, younger cells have a curved rod-like shape (vibrio), whereas 
older ones are spiral (which is reflected in their name - spirillum) usually with two to five 
turns. The typical length and width of the cell are 0.9 to 3.5 µm and 0.3 to 0.6 µm, 
respectively. The optimal conditions for the bacterial growth are pH within the range of 
1.0-1.8 and the temperature of 30-37oC (Coram & Rawlings, 2002). However, some 
strains were found to be able to grow at about 45oC, which is very attractive in terms of 
increasing ferrous iron oxidation rate in some applications (Coram & Rawlings, 2002). 
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Leptospirillum ferriphilum is considered to be a predominant species in most 
commercial processes of bioleaching (Rawlings et al., 1999; Patel et al., 2012). There is a 
fairly simple reason for this - Leptospirillum ferriphilum has a great affinity for ferrous 
iron and is less sensitive to inhibition by ferric ions under prolonged aeration, as 
compared to other microorganisms such as At. ferrooxidans. Apart from that its ability to 
oxidize ferrous iron is less affected by the high redox potentials of the medium. 
Kinnunen & Puhakka (2004) studied the ferrous iron oxidation rate by 
Leptospirillum ferriphilum in fluidized-bed bioreactor, and showed that the maximum 
oxidation rate can be obtained at pH 1.5 and 37oC using 99.5% O2 and 0.5% CO2 gas 
mixture for aeration and is equal to 26.4 g Fe2+ L-1 h-1 (1.0 10-11 g Fe2+ cell-1 h-1). 
However, aeration with air resulted in only 8.2 g Fe2+ L-1 h-1 (4.5 10-12 g Fe2+ cell-1 h-1) 
oxidation. This fact indeed pointed out that the oxygen supply is a rate limiting factor. 
As for the acidity of the cultivation medium, recent studies (Kinnunen & 
Puhakka, 2005; Ozkaya et al., 2007) showed that L. ferriphilum can survive and oxidize 
iron even at pH below 1.0. Kinnunen & Puhakka (2005) reported not very significant 
change in the iron oxidation rate when transferring from pH 0.9 to 1.5. Only partial 
inhibition was obtained at pH 0.7. Besides, the authors determined tolerability of  
L. ferriphilum to high metal concentrations. In particular, the iron oxidation rate was as 
high as 10 g Fe2+ L-1 h-1 in the presence of 21 g L-1 Fe2+ and 2 g L-1 Cu2+ at pH 0.9 
(Kinnunen & Puhakka, 2005). 
More detailed study of the influence of ferric and ferrous ions concentration on 
the iron oxidation rate was conducted by Ozkaya et al. (2007). They determined that the 
highest oxidation rate takes place when 2 g L-1 of Fe2+ are present in the solution. In 
addition, the possibility of L. ferriphilum to oxidize ferrous iron at pH around 0.8 and the 
concentration of 60 g L-1 was established. 
 
2.6.3. Ferroplasma species 
Ferroplasma acidiphilum is a relatively new iron-oxidizer isolated by Golyshina 
et al. (2000) from the concentrate of the bioleaching pilot-plant in Kazakhstan, and 
belongs to the order Thermoplasmatales. The microorganism is acidophilic, 
chemolithoautotrophic and mesophilic that grows optimally at pH 1.7 and 35oC, and 
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gains energy from oxidation of ferrous iron and uses carbon dioxide as a main source of 
carbon (Golyshina et al., 2000). The cells are pleomorphic, do not possess a distinct cell 
wall and typically 1.0-3.0 mm long and 0.3-1.0 mm wide. Ferroplasma acidiphilum is a 
strictly aerobic bacterium, since no growth was observed in the absence of oxygen, 
disregarding the presence or absence of ferrous iron in the growth medium. A 
characteristic feature of Ferroplasma is a tendency to form buds (Golyshina & Timmis, 
2005). Ferrer et al. (2007) showed that the majority of cellular proteins (~90%) of  
F. acidiphilum are iron-metalloproteins, and iron atoms in their structures serve as “iron 
rivets” and stabilize the three-dimensional structure. This very interesting fact makes it 
stand out of the array of iron oxidizing organisms and puts them in a new category of 
microorganisms with unique iron-protein-dominated cellular machinery. 
Ferroplasma acidiphilum favourably differs from the rest of iron-oxidizing 
bacteria due to its resistance to the high concentrations of ferrous iron as well as other 
heavy metals, and ability to grow at low pH (minimum is about 0.8) and moderate 
temperatures (Golyshina & Timmis, 2005). 
 
2.7. Summary of the Literature Review 
For over 30 years fossil fuels such as oil and coal, and their derivatives have 
dominated the global energy market. Today more than ever before, a heavy dependence 
on those resources poses a serious threat to our energy security as well as the 
environment. Unprecedented environmental issues associated with a very intensive and 
inefficient use of fossil fuels made the international community look for alternative 
renewable energy sources. The most abundant and sustainable ones are considered to be 
solar and wind power. However, successful incorporation of these sources into an 
existing infrastructure is quite challenging due to the necessity of using efficient means 
for energy storage. 
A detailed consideration of a vast array of electrochemical energy conversion 
devices in this chapter shedded light on their advantages, however, it unveiled even 
greater number of technological issues that prevent them from wide commercialization. 
46 
 
 
CHAPTER  3. Materials and methods 
3.1. Experimental design of the BioGenerator 
3.1.1. Bacterial culture and growth medium 
The bacterial culture used in this work was obtained from acid mine drainage at 
the Richmond mine in Iron Mountain (California, USA) and predominantly consisted of 
Leptospirillum and Ferroplasma species. A detailed description and characteristic 
features of these microorganisms were given in Sections 2.6.2-2.6.3. 
A modified 9K growth medium was used for cultivation of the bacterial culture, 
which contained one tenth of the amounts of nutrients as compared to the composition of 
the original 9K medium (Silverman & Lundgren, 1959). In particular, 0.25 g of 
(NH4)2SO4, 0.05 g of K2HPO4, 0.05 g of MgSO4, 0.001 g of KCl and varying amounts of 
FeSO4·7H2O were dissolved in 1 L of deionized (DI) water to achieve the ferrous iron 
concentrations of 20-50 g L-1. pH of the obtained solution was adjusted to 0.45-1.00 by 
the addition of concentrated H2SO4 depending on the bioreactor design and operation 
mode. 
 
3.1.2. Bioreactor design and operation 
3.1.2.1. Configuration of the bench-top airlift bioreactor 
The bench-top airlift bioreactor was made of 70 cm long glass tube (8 cm in 
diameter) tapered at the bottom (Fig. 3.1) and had a liquid volume of 1.4 L. A 
polyurethane foam semipermeable baffle (Fluval® C3 Foam Pad; 2.5 cm thick) was 
inserted in the cylinder and played a dual role. In particular, aside from dividing the space 
into two equal circular segments it served as a support for immobilization of 
microorganisms. A sparger made of perforated porous rubber tubing (7.5 cm long and 0.5 
cm in diameter) was installed in the bottom of one of the sections and the reactor was 
closed with a funnel-shaped plug with a 2.5 cm opening. It allowed the air to escape from 
the bioreactor and, simultaneously, served as a condenser to prevent excessive 
evaporation of water during the operation. The entire bioreactor was immersed in a water 
bath to maintain the optimal temperature (40oC) for the microorganisms’ proliferation. 
During the bioreactor operation, sparging air (1 vvm) in the aerated section created  
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Figure 3.1. Schematic of the bench-top airlift bioreactor 
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Figure 3.2. Schematic of the lab-scale multi-compartment airlift bioreactor 
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a density difference between two sections (lower in aerated and higher in non-aerated) 
that resulted in circular movement of the bioreactor liquid (Fig. 3.1). 
At start-up the bioreactor was filled with the modified 9K growth medium (see 
Section 3.1.1) containing 20 g Fe2+ in 1 L and pH ~ 1.0, and inoculated with 10 vol.% of 
the bacterial culture (~2·109 cells mL-1). After the maximum conversion of ferrous iron 
was reached (according to Equation 2.8), it was switched to continuous mode and fed 
with the low pH solution (~0.45) of the modified 9K growth medium containing 50 g 
Fe2+ L-1 to increase the acidity of the bioreactor medium as well as total iron 
concentration. Once all the ferrous iron was oxidized to Fe3+ ions (refer to Section 2.6 for 
a detailed mechanism), the bioreactor was connected to a fuel cell and its feed rate was 
controlled by the current drawn from the fuel cell unit. 
 
3.1.2.2. Design of the lab-scale airlift bioreactor 
The lab-scale multi-compartment airlift bioreactor was made of Plexiglas and 
had a rectangular shape (80 cm × 80 cm × 120 cm = width × depth × height; Fig. 3.2) and 
a liquid volume of 400 L. The entire space of the bioreactor was divided into four 
separate compartments by 8 mm Plexiglas baffles. Each of those compartments was 
divided into two unequal sections (approximately 1:3 by volume) by the baffles of same 
height installed 8 cm from the bottom of the reactor to allow circulation of the liquid 
during operation. A sparger made of porous perforated rubber tubing (75 cm long and 0.5 
cm in diameter) was installed in the bottom of each of the four smaller (aerated) 
compartments and also stainless steel coil (not depicted on the schematic) to maintain a 
desired temperature of the bioreactor medium. Another four compartments (bigger ones) 
were filled with 2′′ polypropylene Jaeger Tri-Packs spheres (Table 3.1) that served as a  
 
Table 3.1. Physical properties of Jaeger Tri-Packs ® Plastic spheres 
Material Size,  
cm 
Geometric 
surface area, 
m2 m-3 
Void space, 
% 
Density, 
kg m3 
Number of 
pieces per 
m3 
Polypropylene  5.08 157.48 93 67.28 13419 
Glass-filled 
polypropylene  2.54 278.87 90 99.31 81224 
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support for the microorganisms to immobilize on. Both untreated (as received) and 
sandblasted with the mixture of sand and activated carbon powder (200-300 µm) Tri-
Packs spheres were used as a support for the bacteria. The procedure of the bioreactor 
start-up was identical to that described in Section 3.1.2.1. 
 
3.1.2.3. Design of the semi-pilot-scale bioreactor 
The semi-pilot-scale bioreactor had a rectangular shape (150 cm × 80 cm × 80 
cm = width × depth × height; Fig. 3.3) and was made of 4 mm thick SS316 stainless steel. 
The entire volume of the bioreactor (600 L) was divided into five separate compartments 
by the baffles of different height (each consecutive baffle was 5 cm lower than the 
previous one) to form a cascade. The polytetrafluoroethylene (PTFE) spargers (75 cm 
long and 1.5 cm in diameter tubes with 300 drilled 1 mm holes) were installed in each of  
 
  
Figure 3.3. Schematic of the semi-pilot-scale multi-compartment cascade airlift 
bioreactor 
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the aerated compartments. Every non-aerated section had a coarse stainless steel mesh 
installed at 5 cm from the bottom (to prevent hindrance of the liquid circulation due to 
potential mineral precipitate formation as well as accommodate stainless steel heat 
exchangers for maintaining desired temperature in the bioreactor) and was loaded with 1′′ 
glass-filled polypropylene Jaeger Tri-Packs (Fabco Plastics Wholesale Ltd., Maple, ON, 
Canada) spheres (Table 3.1). A stainless steel demister was installed at the bioreactor 
vent to prevent entrainment of tiny droplets of the bioreactor liquid by the exhaust air. 
The bioreactor was started as described in Section 3.1.2.1. 
 
3.1.3. Fuel cell stack design 
The fuel cell stacks of different sizes (2-6 single cells) were built and tested in 
the course of this work. The general schematic of the fuel cell stack is shown in Fig. 3.4. 
Every single cell consisted of the anode and the cathode (refer to Section 3.1.3.1) 
separated by the proton exchange membrane (usually Selemion HSF), which were 
sandwiched between two bipolar flow distribution plates (except for two terminal single 
cells, where one monopolar and one bipolar flow distribution plates were used). A design 
of the flow distribution plates is considered in more detail in Section 3.1.3.2. In order to  
 
 
Figure 3.4. Schematic of the fuel cell stack unit. 
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Table 3.2. Properties of graphite felt Sigratherm® GFA5  
Specific surface 
area, m2 g-1 
Resistivity, Ω mm Areal weight, 
g m-2 Thickness, mm longitudinal transverse 
1-2 2.0-4.0 1.5-3.0 430-580 6.0±1.5 
 
Table 3.3. Properties of activated carbon felt KYNOLTM ACN-210-15  
Specific surface 
area, m2 g-1 
Tensile strength, kg (50 mm)-1 Areal weight, g 
m-2 
Thickness, mm 
machine  cross 
1500 0.5 1.0 120 2.0 
 
seal the cells and prevent leakage of the catholyte and hydrogen gaskets made of SI-60 
Grey Silicone (0.8 mm thick) and Silicon Rubber (0.25 mm thick) were used from the 
cathodic and anodic sides, respectively. The desired number of single cells was stacked 
and brought into contact with two copper current collectors (6 mm thick), and then 
compressed between two 2.5 cm thick SS316 stainless steel back plates by tightening the 
bolts with a torque of 15 N m. 
 
3.1.3.1. Fuel cell electrodes 
The gas diffusion electrodes (GDE) ELAT LT 120E-W and ELAT LT 250EWSI 
(BASF, Fuel Cell, Inc., Somerset, USA) with 0.5 g cm-2 platinum loading on woven web, 
with thin microporous layer on backside, were employed as the anodes. Graphite felt 
Sigratherm (Speer Canada, Inc., Kitchener, ON, Canada; Table 3.2) was used as the 
cathode material. Prior to the thermal activation, as described by Pupkevich et al. 
(2007a), it was split into two layers resulting in a cathode thickness ~3 mm. Activated 
carbon KYNOL felt (Kynol Europa GmbH, Hamburg, Germany; Table 3.3) was 
thermally treated in nitrogen atmosphere at 1200oC for 2 hours prior to use as the cathode 
in the fuel cell, in order to achieve partial graphitization (Khmylko et al., 1983). 
 
3.1.3.2. Flow distribution plates 
An array of different types and sizes (5 cm × 5 cm, 15 cm × 15 cm, 25 cm × 25 
cm and 30 cm × 30 cm) of the bipolar flow distribution plates were designed and used 
during the fuel cell unit scale-up process (Fig. 3.5). The plates with serpentine (Fig. 3.5a),  
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Figure 3.5. Schematics of various types of the flow distribution plates 
a) single channel serpentine, b) parallel channels serpentine, c) parallel straight 
channels, d) flat plate with shallow and narrow channels, e) wide flat plate with 
a short liquid pathway, and f) narrow flat plate with a long liquid pathway. 
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Table 3.4. Properties of composite graphite plates SIGRACET BBP4 
Density,  
g cm-3 
Electrical 
resistivity, 
Ω mm 
Thermal conductivity,  
W m-1 K-1 Permeability (helium),  
mg s-1 m-1 
Coefficient 
of thermal 
expansion,  
µm m-1 K-1 
Tensile 
strength, 
MPa in-plane through-plane 
2.0 < 1 77 23 < 1 10-3 6 27 
 
 
Table 3.5. Properties of composite graphite plates ElectroPhen® EP 1106 
Density, g 
cm-3 
Electrical conductivity, S cm-1 Surface 
resistance, 
mΩ 
Thermal 
conductivity, 
W m-1 K-1 
Temperature 
stability, oC in-plane through-plane 
1.81 114 413 0.240 43 180 
 
parallel serpentine (Fig. 3.5b) and parallel straight channels configuration (Fig. 3.5c) 
were tested. A typical channel size for the catholyte flow distribution plate was 3 mm × 2 
mm = width × depth with 2 mm distance between the channels and 2 mm × 2 mm = 
width × depth for hydrogen flow pattern. The catholyte and hydrogen were supplied to 
either individual plates (Fig. 3.5a,d-f) or via centralized inlets (Fig. 3.5b,c). A few types 
of flat plates without channels (Fig. 3.5e,f) or very shallow and narrow channels (1 mm 
×1 mm; Fig. 3.5d) were also designed to be used with the flow-through type of cathode. 
Composite graphite plates SIGRACET (SGL Carbon GmbH., Meitingen, Germany; 
Table 3.4) and ElectroPhen (Bac2 Ltd., Romsey, UK; Table 3.5) were used to machine 
bipolar plates. 
Due to a specific design of the parallel serpentine channels flow distribution 
plates use of so-called “bridges” (Fig. 3.6) was needed to prevent blockage or obstruction 
of the channels by gaskets after assembling the fuel cell stack. Different types of 
materials were used for production of the bridges in order to choose the most suitable 
material. The bridges made of stainless steel SS316, polytetrafluoroethylene (PTFE) and 
titanium were tested. 
 
                                                          
3
 Based on 3 mm thickness and includes surface resistance 
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Figure 3.6. Schematic of the channels configuration in the flow distribution plate 
with parallel serpentine channels. 
 
3.1.4. BioGenerator design and operation 
3.1.4.1. The bench-scale BioGenerator design 
In the bench-scale BioGenerator the 1.4 L bioreactor considered in Section 
3.1.2.1 was connected to a small single-cell fuel cell (5 cm × 5 cm) with a serpentine flow 
distribution pattern (Fig. 3.5a) as shown in Fig. 1.4. GDE ELAT LT 140E-W and 
activated graphite felt (4.0 cm × 4.4 cm geometrical area) were employed as the anode 
and cathode, respectively. The catholyte (bioreactor liquid containing electrochemically 
active species Fe3+) was pumped into the cathodic compartment of the electrochemical 
cell through a 1 L cartridge filter (10 µm pore size) by a peristaltic pump at the flow rate 
of 100 mL min-1. Hydrogen gas (UHP 5.0 grade) was supplied from a cylinder and 
recirculated through the anodic compartment via flat-plate heat exchanger/condenser 
(4oC) to ensure removal of water vapours from the hydrogen stream. The desired 
temperature of the heat exchanger was maintained by a solid-state cold plate AHP-300CP 
(ThermoElectric Cooling America Corporation). The current drawn from the fuel cell 
was adjusted manually using a variable resistor (rheostat) and the cell voltage was 
measured by a millivoltmeter. 
Similar to conventional PEM FCs, hydrogen gas supplied to the anodic 
compartment is oxidized at the surface of the electrode and electrons are liberated 
(Equation 3.1). 
 
H 4 2H5  26'         {3.1} 
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Fe"5  6' 4 Fe5         {3.2} 
H  2Fe"5 4 2H5  2Fe5        {3.3} 
 
After traveling through an external circuit those participate in the process of reduction of 
Fe3+ into Fe2+ ions (Equation 3.2) and overall reaction occurring in the fuel cell can be 
described by Equation {3.3}. Then, ferrous iron produced in the fuel cell is returned in 
the bioreactor (Fig. 1.4) for regeneration by the reaction {2.8}. 
 
3.1.4.2. The lab-scale BioGenerator design 
The lab-scale BioGenerator was constructed of the lab-scale bioreactor (refer to 
Section 3.1.2.2) and the fuel cell stack of 5 single cells (25 cm × 25 cm) with serpentine 
channels configuration (Fig. 3.5a) as shown in Fig. 1.4. Like in a previous case, GDE 
ELAT LT 140E-W and activated graphite felt (20 cm × 20 cm geometrical area) were 
employed as the anode and cathode, respectively. The bioreactor liquid was pumped into 
the cathodic compartment of the fuel cell through two polypropylene tubes (120 cm long 
and 12 cm in diameter) filled with polyester woven by centrifugal pump (Iwaki MD-40) 
at the rate of 4 L min-1. These tubes served both as filters and external chambers for 
depletion of dissolved oxygen in the bioreactor liquid. After reduction of ferric iron in the 
fuel cell (Equation 3.2), the catholyte was returned in the bioreactor for regeneration. 
Hydrogen gas was produced using HOGEN S20 electrolyzer (Proton OnSite, Inc.) and 
circulated through the anodic compartment via tubular heat exchanger (30 cm long and 
1.5 cm in diameter; kept at 4oC) connected to a gas-liquid separator at the flow rate of 10 
L min-1 (diaphragm vacuum pump UN8661.2FTI EX, KNF). The current drawn from the 
system was automatically controlled and the voltage measured by a programmable DC 
electronic load CHROMA 6303 with 60A module 63103. 
 
3.1.4.3. The semi-pilot-scale BioGenerator design 
The semi-pilot-scale BioGenerator is an advanced version of the BioGenerator 
and its schematic is shown in Fig. 3.7. It was configured from the semi-pilot-scale 
bioreactor (Section 3.1.2.3) and the fuel cell stack of 5 single cells with parallel 
serpentine flow pattern bipolar plates as shown in Fig. 3.5b. GDE ELAT LT 250EWSI 
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Figure 3.7. Schematic of the semi-pilot-scale BioGenerator. AMFC – air mass flow controller, B – blower, D – hydrogen 
dehumidifier, DM – demister, F – filter, LMFC – liquid mass flow controller, P – pump, PG – pressure gauge,  
SV –solenoid valve, V – throttle valve, ULS – ultrasound liquid level sensor  
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Figure 3.8. Low-voltage electric diagram of the process control system of the semi-pilot-scale BioGenerator. 
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with heightened hydrophobicity and activated graphite felt were used as the anode and 
cathode, respectively. The catholyte was supplied into the cathodic compartment of the 
fuel cell through a 10 L polypropylene cartridge filter (pore size 30 µm) by a magnetic 
drive centrifugal pump at the flow rate of 5 L min-1. The flow rate of the liquid was 
measured with an in-line paddlewheel flow transmitter (Burkert 8032) and adjusted to a 
desired value by a pneumatically operated diaphragm control valve (Burkert 2030). 
Aeration of the bioreactor was controlled by a mass flow controller for gases (Burkert 
8626). Every compartment had a valve for manual fine-tuning of aeration and to be able 
to shut off the aeration in the very last compartment. An ultrasound liquid level sensor 
was installed in the last (non-aerated) compartment to monitor liquid level in the 
bioreactor and when the level dropped due to water evaporation a solenoid valve was 
activated to add required amount of DI water. The desired temperature in the bioreactor 
was maintained by a heating circulator (Julabo EH) and monitored with the thermocouple 
installed inside the bioreactor. A diagram of the low-voltage circuit of the overall process 
control system is shown in Fig. 3.8. The current drawn from the system was controlled by 
a DC electronic load CHROMA 6314 with 120 A module 63106. The control of all the 
above-mentioned units of the BioGenerator system was performed by the Labview 8.0 
software (National Instruments Inc.). Programs are presented in Appendix F. 
 
3.2. Membrane fabrication techniques 
3.2.1. Synthesis of Nafion membranes doped with phosphotungstic acid 
The Nafion-based membranes were synthesized by casting from 
dimethylformamide (DMFA) solution according to the general procedure shown in Fig. 
3.9. Solution of 15% Nafion (Liquion® LQ-1115, 1100 EW 15% wt.) was mixed with 
DMFA at a ratio of 1:1. Certain amounts of additives (silica precursor and/or solution of 
phosphotungstic acid (PTA), H3PW12O40⋅29H2O, in isopropyl alcohol) were added, and 
then the mixture was heated up to the boiling point. When most of the low-boiling 
solvent was removed, the remainder was transferred into a glass Petri dish that was 
placed into an oven and kept there at 150oC for 1.5 hours. For the purpose of completion 
of tetramethyl orthosilicate hydrolysis, conversion of the membrane into the H+-form as 
well as washing out the remainders of organic solvents, the synthesized membranes were 
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Figure 3.9. Schematic of the procedure for synthesis of PTA-doped Nafion 
membrane 
kept in 2 M H2SO4 at ambient temperature for 2 weeks. The silica precursor was prepared 
by mixing of 5 mL tetramethyl orthosilicate (98%) with 50 mL isopropyl alcohol, 2 mL 
of H2O and 4 drops of acetic acid. Then the mixture was kept for 2 days at ambient 
temperature to let tetramethyl orthosilicate partially hydrolyze. In order to obtain K+-
forms of the membranes, the latter were kept in 0.1 M KCl at 65oC for ~1 hour. 
 
3.2.2. Synthesis of polyvinyl alcohol based membranes 
A general procedure of the synthesis of polyvinyl alcohol (PVA) membranes is 
shown in Figure 3.10. A 5% (w/w) solution of polyvinyl alcohol was used during the  
 
 
Figure 3.10. Schematic of the procedure for synthesis of PVA membranes cross-
linked with H3PO2  
  
synthesis of the membranes. It was prepared by dissolution of PVA in deionized (DI) 
water by stirring at 90˚C. A series of PVA solutions with the H
the range of 6.0:1.0 to 1.5:1.0 were prepared by mixing 
H3PO2 and 5% PVA. After rigorous stirring of the mixtures at room temperature 
minutes, the solutions were degassed under vacuum, cast into molds (polystyrene Petri 
dishes) and kept at 40˚C for 3 days to obtain the films.
separated from the molds
same procedure was followed for PVA 
amino]-hexanoic acid (PMAH) or 
 
3.2.3. Synthesis of PVA
In the case of cross
cross-linking by terephthalic aldehyde was needed (Fig. 3.11).
 
Figure 3.11. Schematic of the procedure for synthesis of PVA
cross-linked with phosphoric acid and terephthalic aldehyde.
3PO2:PVA mass ratios in 
aqueous solutions of 0.5 M 
 Then, the hardened films were 
 and heat-treated at given temperature and time of curing. The 
cross-linking with 6-[bis(phosphonomethyl)
amino-tris-methylene phosphoric acid (AMP).
-based membranes cross-linked with phosphoric acid
-linking/phosphorylation with phosphoric acid and additional 
 After the heat treatmen
-based membrane 
60 
for 30 
 
 
 
t  
 
 
61 
 
 
the membrane was immersed in the mixture of isopropanol and water (1:1) and let to 
swell for about 30 min. Then, the membrane was impregnated with terephthalic aldehyde 
in isopropanol/DMFA mixture, and cross-linking process was initiated by 10% solution 
of H2SO4. Before characterization, the membranes were washed in DI water to get rid of 
un-reacted phosphoric acids until pH = 5.0 in the washing water. After washing the 
membrane was stored in DI water. 
To make it clear for the readers, the membrane labeling was based on the 
following principle. If the mixture of 30% H3PO4 and 70% PVA was used during the 
membrane synthesis, the name 30% H3PO4/ PVA was used later in the text. 
The thickness of the synthesized membranes was measured by means of an 
electronic digital caliper/micrometer and it was in the range 0.15-0.30 mm. To estimate 
their hydrolytic stability, some membranes were kept in 2M H2SO4 at ambient 
temperature for about one year and their appearance and mechanical robustness were 
qualitatively tested. 
 
3.3. Membrane characterisation techniques 
3.3.1. Determination of membrane water uptake 
Swelling properties of the membranes were estimated by determination of the 
water uptake and changes in dimensions. To determine their water uptake, membrane 
samples of 0.2-0.3 g were kept in DI water at 22˚C for 24 hours, and then weighed and 
dried at 105˚C until a constant weight was reached. Before weighing swollen membranes, 
the water was wiped off the surface with filter paper. The water uptake (W, %) was 
calculated by the following formula: 
 
8 %! $ :;':<:< = 100%           {3.4} 
 
where Ww and Wd are the weight of the wet and dry membrane, respectively. 
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3.3.2. Determination of membrane elongation 
The length change (∆>, %) was evaluated by measuring the lengths of a 
membrane specimen swollen in water at 22˚C and that of dry one using the following 
formula: 
 
∆> %! $ A;'A<A< = 100%           {3.5} 
 
where ls and ld are the lengths of a swollen and dry membrane, respectively. 
 
3.3.3. Measurement of proton conductivity of a membrane 
The proton conductivity of synthesized membranes was measured by a direct 
current two-point-probe method in the setup shown in Fig. 3.12 (Pupkevich et al., 
2007b). The measuring cell consisted of four separate compartments. The electrodes in 
auxiliary compartments were used to apply an electric field. The central membrane was 
the membrane under investigation (Fig. 3.13), while the other two were Nafion 117® 
(DuPont) and Excellion I-200 (Electropure EDI Inc., USA) and installed from the anodic 
and the cathodic compartments, respectively, to prevent the transport of water 
dissociation products formed at the working electrodes to the central compartments. The 
voltage drop, ∆U (mV), across the membrane (11.3 cm2) was measured by a pair of 
Luggin capillaries at 22oC. The capillaries were filled with saturated aqueous solution of 
potassium chloride (KClsat) and each of them was connected to a test tube filled with 
KClsat, having Ag/AgCl, KClsat reference electrode in it. The reference electrodes were 
connected to a pH-meter/mV-meter ORION 420A to measure the potential difference. A 
10% H2SO4 solution was circulated through the auxiliary compartments at the flow rate 
of 25 mL min-1. The voltage drop across the studied membrane was measured as a 
function of the current density, i (mA cm-2), in the range of 0–90 mA cm-2. The 
conductivity values, σ (S cm-1) were calculated as follows: 
 
              {3.6} 
  
R
δ
σ =
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Figure 3.12. Setup for the measurement of membranes proton conductivity (adapted 
from Pupkevich et al., 2007). 
 
where δ is the membrane thickness (cm), R is the area resistances (Ohm cm2) of the 
membranes, and was determined as a slope of the linear parts on the ∆U–i plots. 
Prior to the experiments all membranes were equilibrated with the working 
H2SO4 solutions for 2 hours. For the purpose of studying the effect of acid concentration 
on proton conductivity, the central anodic compartment was filled with H2SO4 solution 
with different concentrations (0.02-2.00 mol L-1), and the afore-mentioned procedure was 
repeated. 
The solutions in an auxiliary compartments and a central compartment from the 
cathodic side remained the same (1.09 M H2SO4) for all the experiments, while the 
central anodic compartment was filled with corresponding working solutions. 
 
3.3.4. Measurement of the water transport through a membrane 
The water flux through the membranes was estimated in the setup shown in Fig. 
3.13 at 22˚C using a gravimetric method. To measure the amount of water passing  
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Figure 3.13. Experimental setup for determination of the water flux through the 
membrane 
1 – U-tubes filled with granulated KOH, 2 – membrane under investigation,  
3 – graphite felt cathode, 4 – peristaltic pump, 5 – gas diffusion electrode,  
6 – flow distribution plates, 7 – water reservoir. 
 
through the membrane was sandwiched between a graphite felt electrode and a hydrogen 
diffusion electrode in a 4×4 cm cell with serpentine flow distribution channels that were 
similar to those used in a large-scale fuel cell stacks. Water was circulated through the 
graphite felt, and dry air was passed through channels on the gas diffusion electrode side. 
The water vapor carried out of the cell by air was absorbed by two consecutively 
connected U-tubes filled with granulated KOH. In order to make sure that the incoming 
air is absolutely dry, two U-tubes with an absorbent (KOH) were put right before an inlet 
of the measuring cell. Water flux was calculated by the following equation:  
 
BC $ D'EF·H              {3.7} 
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where Fw is the water flux through the membrane (g cm-2 hour-1), mt and m0 are the 
weights of U-tubes with an absorbent after and before the experiment (g), respectively, t 
is the time of the experiment. 
 
3.3.5. Measurement of the diffusion of ferric ions through a membrane 
3.3.5.1. Measurement of the ferric ions diffusion in electro-dialysis cell 
The permeability of ferric ions through the PVA-based membranes was 
estimated by electro-dialysis method in the setup represented in Fig. 3.14. The anodic 
compartment was filled with the solution of 0.45 M Fe2(SO4)3 in 1M H2SO4 and the 
cathodic compartment as well as both auxiliary electrodes compartments were filled with 
1M H2SO4 solution. The volume of each reservoir was 100 mL. The area of the 
membrane under study was 12.3 cm2. Once the membrane installed in the measuring cell, 
the current of 0.25 A was applied for 7 h. 
The concentrations of ferric iron in both compartments after the experiment 
were measured spectrophotometrically by the technique described in Section 3.3.2.2. The 
permeability of ferric ions was calculated by the following equation (Xi et al., 2007): 
 
I $
J K L!L M >
N  O !                                                                                                                         P3.8S 
 
 
Figure 3.14. Electro-dialysis cell for the measurement of ferric ions permeability. 
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where p is the permeability of ferric ions (cm2 min-1), J, > and N are the volume of 
cathodic compartment (mL), the thickness (cm) and the area of the membrane (cm2), 
respectively.  and  are the concentration (mol L-1) of ferric ions in anodic and 
cathodic compartments, respectively, and  L! L⁄  refers to the ferric ion concentration 
in the cathodic compartment as a function of time. 
 
3.3.5.2. Measurement of the ferric ions diffusion in a dialysis cell 
The ferric ions diffusion kinetics through the Nafion-based membranes was 
measure in a two-compartment cell shown in Fig. 3.15. The membrane (exposed area of  
10.4 cm2) was installed in the dialysis cell having two chambers of 60 mL each. The 
depletion chamber was filled with 0.15 M Fe2(SO4)3 solution, while the enrichment 
chamber was filled with potassium chloride solution having the same ionic strength 
(I=2.25). The data obtained by monitoring the iron ions concentration in the enrichment 
chamber in a course of time (τ) was fairly well fitted to the following equation 
(Wiedemann et al., 1998):  
 
 $ U  1 O 6'V!           {3.9} 
 
where   is the concentration of ferric ions in the enrichment half-cell (g L-1), U   is 
the final concentration of ferric ions (g L-1), after the system achieved equilibrium, and α 
is an empirical parameter adjustable to the experimental data. The final concentration was 
calculated based on the mass balance by the following formula (Wiedemann et al., 1998): 
 
 
 
Figure 3.15. Dialysis cell for the measurement of ferric ions diffusion 
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U $ WXYZ[E\WX5W\ $ U]          {3.10} 
 
where U]   is the initial concentration of ferric ions in the depletion half-cell, g L-1, VE 
and VD are the volumes of the enrichment and the depletion half-cell, mL, respectively. 
The diffusion coefficients were calculated by the following equation (Huang et al., 2003): 
 
^ $ _` W\aFb            {3.11} 
 
where S is the slope of the CD/CE curve vs. time; K is the partition coefficient, h-1; δ  is the 
membrane thickness, cm; Am is the area of the membrane, cm2. 
For determining the partition coefficient, K, defined as a ratio of the equilibrium 
ferric ion concentration in the membrane to that in bulk solution, the membrane 
specimens (0.2-0.3 g) were immersed in the solution with concentrations of ferric ions of 
5, 10, and 16 g L-1 and kept there for 3-5 days until the ion-exchange equilibrium has 
been achieved. Then, the membranes were taken out of the solution, rinsed with 
deionized water and ferric ions were extracted (three times) with 10-15 mL portions of 
hot (~90oC) 2 M H2SO4. The ferric ions content in the cumulative extract were 
determined using the spectrophotometric method as described in Section 3.4.2. The 
values of partition coefficients were calculated as a slope of the linear dependence of the 
ferric ions concentration in the membrane versus that in an equilibrium bulk solution. 
 
3.3.6. Measurement of the ion exchange capacity 
Ion-exchange capacity (IEC) of the synthesized membranes was determined by 
acid-base titration. The membrane was dried at 120oC for 2 hours, weighed (~0.2 g dry 
weight) and then immersed in a refluxing 0.1 M Na2SO4 solution for 4 hours to exchange 
H+ ions with Na+. After that the solution was titrated to the equivalent point with 0.025 M 
NaOH using a mixture of bromcresol green and methyl red (ratio of 1:2) in ethyl alcohol 
as an indicator. 
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3.3.7. PTA leaching estimation 
To qualitatively estimate PTA leaching from the membranes, the specimens 
were kept in water and 2M H2SO4 at ambient temperature and 30oC (3 weeks), 40oC (24 
hours) and 100oC (10-15 min). Then, presence of PTA in the extract was registered upon 
turning the solution to blue (formation of “tungsten blue”) after addition of titanium (III) 
chloride. 
 
3.4. Analytical procedures 
3.4.1. Cell counting  
A transmitted light optical microscope Axioskop 40 (Carl Zeiss, Germany) with 
1000× magnification equipped with a camera and QCapture image acquisition software 
was used to determine the cell concentration through direct manual counting (Penev, 
2010). For the cell concentrations less than 102 10×  cell L-1, cell numbers were counted 
directly in a sample taken from the bioreactor. Otherwise the sample was diluted 2 to 6 
times and then cells were counted. An average of ten counts from pictures taken in 
different spots on a microscope slide (18 mm in diameter) was considered to be an 
average microbial cells concentration in the bioreactor liquid. The absolute error of a 
counting method was expected to be 94 10×  cell L-1 in the range used in this study. 
 
3.4.2. Determination of ferrous and ferric iron concentrations 
The ferrous iron concentration was determined by titration of a bioreactor liquid 
sample (1-2 mL) with 0.1 N K2Cr2O7 (analytical grade) in ~ 10% sulfuric acid and using 
N-phenylanthranilic acid as a potentiometric indicator. The concentration of ferric iron 
was titrated with EDTA in an acetic acid-sodium acetate buffer (pH ~ 4) in the presence 
of 5-sulphosalicylic acid (reagent grade) as a complexometric indicator. The ferric and 
total iron within the low concentration range (less than 0.15 g L-1) were measured 
spectrophotometrically using a UV-Vis spectrometer Cary 50 (Varian Inc.) by the 
procedure described by Karamanev et al. (2002). The ferrous iron concentration was 
calculated as the difference between total and ferric iron concentrations. 
  
69 
 
 
3.4.3. Measurement of dissolved oxygen concentration and determination of 
an oxygen volumetric mass transfer coefficient 
Measurement of dissolved oxygen (DO) in the bioreactor liquid was performed 
with the aid of Orion 3-star DO/Temperature meter equipped with DO probe Orion 
(model 083005MD). Prior to every experiment the DO probe was calibrated according to 
the manufacturer procedure using a probe calibration/storage sleeve. 
The volumetric oxygen mass transfer coefficient (kLa) in the model and semi-
pilot-plant bioreactor was determined by the dynamic method. In order to measure the 
concentration of dissolved oxygen the DO probe was immersed in the bioreactor liquid as 
shown in Fig. 3.16. Due to a large scale of the semi-pilot-plant bioreactor it was 
impossible to remove oxygen from the medium by sparging nitrogen and, therefore, prior 
to the experiment the bioreactor was kept without aeration for 2 days. Aeration was 
started right after the immersion of a DO probe in the medium and DO concentration was 
recorded every 30 s for up to 10 min. The kLa values were determined from the equation  
 
 
Figure 3.16. Schematic of the dissolved oxygen measurement experiment. 
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{3.9} as a slope of the cd Ye'YfYe'Yg versus time plot. 
 
cd Ye'YfYe'Yg $ Okia ·  L O L1!          {3.9} 
 
where C* is the oxygen saturation concentration in the bulk liquid, C1 and C2 are the 
oxygen concentrations at time 1 and time 2, respectively, kLa is the volumetric mass 
transfer coefficient. 
In the case of a model bioreactor (2.2 L) the classical dynamic technique was 
used. After saturation of the bioreactor medium with oxygen the air was shut off and the 
liquid was sparged with nitrogen while recording DO readings every 30 s. Once the 
critical DO concentration was reached, the aeration was turned back on and the air-on 
wing of the graph was recorded. 
 
3.4.4. Infrared spectroscopy 
FT-IR spectra of the membranes were measured using a Bruker IFS55 FTIR 
spectrometer equipped with Attenuated Total Reflection (ATR) attachment with 
germanium crystal. 
 
3.4.5. Scanning electron microscopy 
Degradation of graphite composite bipolar flow distribution plates after 
operation in the fuel cell was examined using High-Resolution Field-Emission Scanning 
Electron Microscopy (Hitachi 4800). 
 
3.4.6. Polymerase chain reaction method 
In order to characterize microbial community in the bioreactor liquid a 
polymerase chain reaction with denaturating gradient gel electrophoresis (PCR-DGGE) 
followed by partial sequencing of the 16S rRNA gene were used (van der Meer et al., 
2007; Cowan, 2012). The obtained DNA sequence was compared with the GenBank of 
the National Center for Biotechnology Information. Prior to the start of PCR-DGGE 
procedure, microbial cells were collected and washed as described in Section 3.6.1. In 
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order to ensure a complete removal of iron ions from the biomass pellets, those were 
resuspended in a 10% solution of oxalic acid using a vortex mixer. After separation of the 
biomass by centrifugation the process was repeated with DI water until pH of the 
supernatant was 5.5. As a final step, the microbial cells were resuspended in a phosphate 
buffered saline (PBS at pH 7.0) to completely neutralize acidity. Extraction of DNA was 
performed using UltraCleanTM Soil DNA Isolation kit. Universal primers 341f-GC and 
907r were used during the PCR procedure (Penev, 2010). 
 
3.5. Measurement of the polarization curves and electrode potentials of 
the fuel cell 
In order to study the fuel cell performance the polarization curves and electrode 
potentials were recorded in the setup shown in Fig. 3.17. One end of a Luggin capillary  
 
 
 
Figure 3.17. Schematic of the setup for measurement of electrode potentials and 
polarization curves of the system.  
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was immersed in the bioreactor solution while the other was placed in the test tube 
containing Ag/AgCl reference electrode. To measure the potential of the cathode the 
reference electrode was connected to a current collector from the cathodic side of the cell 
via electronic load and the potential was recorded. Then, the reference electrode was 
switched to the anodic current collector and the potential recorded.  
The hydrogen pressure in the anodic compartment was kept constant at 35 kPa 
(gauge) through a controlled supply of ultra-pure hydrogen (grade 5.0) and recirculated 
through a condenser at flow rate of 15 L min-1 to remove any water that would pass 
through the membrane. The current, drawn from the redox flow fuel cell, was adjusted 
and controlled using DC electronic load (Chroma 6314, USA) through an open-loop 
control strategy. The voltage corresponding to the drawn current was also monitored. 
Since the recirculation rate of the catholyte through the redox flow fuel cell may 
affect its performance by causing concentration polarization that was maintained (for all 
the fuel cell types used) at such a level to provide a catholyte residence time in the 
electrochemical cell ~ 1.75 seconds. 
 
3.6. Biomass studying techniques 
3.6.1. Harvesting and washing of the biomass 
The biomass accumulated in the bioreactor during operation was separated from 
the growth medium by centrifugation using Sorval 6 Plus ultraspeed centrifuge 
(Thermofisher) equipped with a zonal rotor TZ-28 (maximum relative centrifugal force 
83547×g) at a rotor feed flow rate of 140 mL min-1. After that all the biomass from one 
rotor was resuspended in 400 mL of 5% H2SO4 using a vortex mixer and centrifuged at 
43500×g for 20 min using a fixed angle rotor SS-34. The procedure of resuspeding in 
sulphuric acid and centrifuging was repeated 3 times to wash out all ferric ions from the 
biomass (1600 mL of H2SO4 total). The complete removal of ferric ions was ensured by 
absence of colouration after addition of a few drops of 2% sulfosalicylic acid into the 
supernatant. After that the biomass was washed with DI H2O (6 × 400 mL) until neutral 
pH in the supernatant. 
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3.6.2. Toxicology testing of Leptospirillum ferriphilum biomass 
3.6.2.1. Preparation of a medium for Zebrafish embryos incubation 
An Instant Ocean lab stock solution was prepared by dissolution of 70 g of 
Instant Ocean salt (Table 3.6) in 500 mL of deionized water. Then, 430 µL of Instant 
Ocean stock solution were diluted with 10 mL of deionized water to obtain a 6.02·10-3% 
working solution, which is the typical concentration for incubation of zebrafish embryos. 
This work was performed at the Dr. G. Kelly’s lab (Biology Department, UWO) by his 
graduate student Joey Deol. 
 
Table 3.6. Elemental composition of synthetic sea salt “Instant ocean” (adapted 
from Atkinson & Bingman, 1998) 
Major cations, mmol kg-1 Nutrients, µmol kg-1 Trace elements, µmol kg-1 
Na+ 462 PO43- : P 0.05 Li 54 
K+ 9.4 NO3- : N 1.00 Si 16 
Mg2+ 52 NH4+ : N 10.2 Mo 1.8 
Ca2+ 9.4 SiO32- : Si 4.2 Ba 0.85 
Sr+ 0.19 DOP : P 0.1 V 2.9 
Sum 594 DON : N 2.9 Ni 1.7 
Major anions, mmol kg-1 TOC : C 29 Cr 7.5 
Cl- 521 pH 8.35 Al 240 
SO42- 23 TA 2.3 Cu 1.8 
TCO2 1.90   Zn 0.50 
TB 0.44   Mn 1.2 
Sum: 569   Fe 0.24 
 
TCO2 – total CO2,  
DOP – dissolved organic phosphate, 
DON – dissolved organic nitrogen,  
TOC – total organic carbon,  
TA – total alkalinity (meq kg-1) 
TB – total boron 
Cd 0.24 
Pb 2.1 
Co 1.3 
Ag 2.3 
Ti 0.67 
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3.6.2.2. Preparation of biomass working suspension 
1 g of Leptospirillum ferriphilum biomass was weighed and ground up in a 
mortar until a fine powder obtained. Then, the powder were transferred in a test-tube 
containing 10 mL of Instant Ocean working solution, homogenized using a vortex mixer 
for 10 min and heated at 50oC overnight. A supernatant collected after centrifugation was 
applied to treat Zebrafish embryos. 
 
3.6.2.3. Testing the effects of biomass on Zebrafish developmental growth 
Isolated zebrafish embryos were treated with varying concentrations of a 10% 
biomass working solution (50, 100, and 200 µL) right after fertilization. The 
developmental progression of treated embryos at 28.5oC (Kimmel et al., 1995) were 
monitored and compared with that of untreated ones, i.e. control embryos that were 
exposed to just Instant Ocean solution. 
 
3.7. Mathematical modeling techniques 
3.7.1. Mathematical Package used for the BioGenerator Modeling 
Required MALTAB codes were written to solve the described modeling equations 
in all stages. The set of linear and non-linear equations were solved by using the fsolve 
command (Gauss-Newton algorithms with line-search method), whereas the ode45 
command (explicit Runge-Kutta) was applied to solve the set of ordinary differential 
equations. Optimization of all constrained non-linear multivariable functions was done  
using the fmincon command (iterative method using a sequential programming to solve a 
quadratic programming subproblem and estimating Hessian at each iteration). 
 
3.7.2. Model Solution 
3.7.2.1. Simulation of bioreactor dynamics 
Once the coefficients of the kinetic model (Equations {8.3}-{8.5}) as well as the k 
equation {8.8} for the lag phase were well-defined, the pH modeling (Appendix E) and 
Equations {8.3}-{8.12} were applied to simulate the dynamics of a continuous bioreactor 
for any current loads within a studied range. The data from the kinetic study on the 
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ferrous iron biological oxidation carried out in a circulating bed bioreactor (Penev & 
Karamanev, 2010) was used for finding the parameters of the kinetic model. Before the 
simulation runs were executed, the concentrations of microbial cells, ferrous iron and 
total iron as well as pH of the solution were measured by the techniques described in 
Section 3.4.2. Since the concentration of sulfate ions, [SO42-], was unknown, it was 
estimated based on the measured initial conditions and the total charge balance equation 
(Equation E10, Appendix E). 
 
3.7.2.2. Estimation of sulfate ions concentration 
Finding the sulfate ions concentration required solving a combination of linear and 
non-linear algebraic equations (Equations E1-E12, Appendix E) simultaneously in an 
iterative procedure. The procedure was repeated until the difference between two 
consecutive iterations for the summation became less than 1×10-4 mole kg-1water. The 
sulfate ions concentration estimated in such a manner was used in further calculations. 
 
3.7.2.3. Prediction of bacterial cells concentration 
For t > 0 and constant electrical current loads, the explicit Runge-Kutta method was 
applied to solve Equations {8.9}-{8.11} and to predict the concentrations of bacterial 
cells, ferrous iron, and pHs at any step size within the given time interval [t0, tf]. First, the 
pH value, at a particular step size, was estimated by solving the combination of linear and 
non-linear algebraic equations (Equations E1-E12, Appendix E) simultaneously. Then the 
estimated specific growth rate was used to determine the bacterial cells and ferrous iron 
concentrations for the next step size.  
 
3.7.3. Mathematical model verification experiments 
In order to test and fine-tune the developed model, a series of experiments were 
performed in the BioGenerator of various scales, i.e. the bioreactors of 22 and 55 L liquid 
volume, and the fuel cells with 16 and 100 cm2 electrodes working area (for detailed 
schematic and operation procedures refer to Section 3.1.4). The bioreactors were started 
in a batch mode, using 40 g L-1 total iron concentration at pH from 0.7 to 1.0. Once all 
the ferrous iron got converted into ferric iron, the bioreactor solution was circulated 
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through the fuel cell unit. Altering the fuel cell current load allowed to adjust the 
incoming concentration of ferrous iron (substrate) into the bioreactor. Prior to starting the 
experiments initial values of total and ferrous iron concentrations, bacterial cells 
concentration, pH, as well as the corresponding open and short circuit voltages, and the 
short circuit current of the fuel cell were measured/recorded using the techniques 
described in Sections 3.4.1-3.4.2. At a start-up of the system, the DC electronic load was 
set at an open circuit mode and the catholyte was pumped through the electrochemical 
cell. Once the fuel cell voltage had stabilized (had not changed by more than 1 mV within 
5 min), the selected current load was set by means of an electronic load in a constant 
current mode and that was taken as t = 0. For t > 0 the changes of the total and ferrous 
iron concentrations, bacterial cells concentration and pH in the bioreactor were registered 
over time. To keep the liquid level constant over the course of experiments, deionized 
water was added into the bioreactor periodically to compensate for water losses, mainly 
caused by aeration of the bioreactor liquid. 
Since the recirculation rate of the catholyte through the electrochemical cell has an 
impact on its performance by causing concentration polarization that was maintained (for 
all the fuel cell types used) at such a level to provide a catholyte residence time in the 
electrochemical cell ~ 1.75 seconds.  
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CHAPTER 4. Synthesis and characterization of the membranes for 
BioGenerator 
As it was above-mentioned, chances of the international community to get away 
from primary energy sources based on fossil fuels and to transfer to sustainable sources 
are solely dependent on the availability of highly-efficient means for energy 
storage/conversion. For the time being, the most viable and appealing way of reaching 
this goal is believed to be a Power-to-Gas pathway (The Alternative Energy e-Magazine, 
2013). This, in turn, has rejuvenated an interest in the electrochemical technologies 
capable of generating electricity from hydrogen. It is a very well-known fact that the 
membrane, along with the electrodes, used in any electrochemical device plays a crucial 
role in achieving a good performance, because it makes a major contribution into the cell 
internal resistance (Tang et al., 2012d) that, consequently, effects energy conversion 
efficiency. In order to minimize this negative effect the membrane should be 
“individually tailored” for a specific application and meet a number of essential 
requirements. Therefore, an ideal membrane should be perm-selective to the charge-
carrying ions (protons) in order to provide high ionic conductivity, have good mechanical 
properties as well as high oxidative and hydrolytic stability (Dupuis, 2011). Apart from 
that, in the case of BioGenerator, it should possess both low permeability for ferric ions 
and water as well as be relatively inexpensive. It has been shown that the iron ions and 
water crossover are a major cause of the long-term stability issues of the BioGenerator 
(Pupkevich, 2007). 
 
4.1. Study of commercial proton exchange membranes 
In order to find the most appropriate membrane for use in the BioGenerator, the 
performance of a number of commercially available membranes was tested in the small 
scale fuel cell (Fig. 4.1) according to the procedure described in Section 3.5. As can be 
seen, the best performance was observed for the fuel cell using Selemion HSF membrane. 
All other membranes did not allow to achieve high short circuit currents. It is interesting 
to note that despite the fact that Neosepta CMS actually has a higher proton conductivity 
than Selemion HSF membrane, it did not exhibit a better performance. The main reason  
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Figure 4.1. Comparison of a maximum attainable current in the 5 × 5 cm fuel cell 
with activated graphite felt flow-through cathode and different 
commercial proton conducting membranes (40oC and the flow rate of 
catholyte 50 mL min-1) and their proton conductivities. 
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for that is in the specificity of the design of our fuel cell, i.e. unlike conventional PEM 
FCs that use membrane electrode assemblies (MEAs), where electrodes are pressed onto 
the membrane, our design relies solely on a mechanical contact between the membrane 
and the electrodes. Since Neospeta CMS is a reinforced membrane and has a fairly rough 
surface a good electrical contact was not established and this eventually resulted in a high 
internal resistance of the system and consequently very poor performance. 
Despite relatively good results in terms of energy storage efficiency, the long-
term stability of most low cost commercial ion exchange membranes is limited due to its 
low chemical resistivity towards the oxidizing nature of the catholyte ions having high 
redox potentials (Mohammadi & Skyllas-Kazacos, 1996; Chen et al., 2013). Much higher 
stability along with high proton conductivity are exhibited by perfluorosulfonic 
membranes such as Nafion, Flemion or Aciplex (Zhang et al., 2012). However, this kind 
of membranes lacks selectivity and, therefore, suffer from membrane contamination 
(Pupkevich et al., 2007; Jia et al., 2011) and crossover of polyvalent cations, which 
results in the decrease of the electrical efficiency. The introduction of special additives, 
such as silica (Balgobin et al., 2010) or heteropoly acids (Ramani et al., 2004, 2006), into 
the membrane matrix allows to significantly decrease the ions crossover (Zhang et al., 
2012; Yue et al., 2013). Therefore, the main goal of this work is to develop a technique 
for synthesis and to study the properties of Nafion-based membranes modified by 
introducing silica and PTA in terms of their use in a fuel cell unit of the BioGenerator. 
 
4.2. Study of the Nafion-based membranes doped with PTA 
4.2.1. Synthesis and physical properties of the hybrid Nafion / Silica and 
Nafion / Silica / PTA membranes 
The hybrid Nafion / Silica / PTA membranes were synthesized as described in 
Section 3.2.1. The synthesized membranes containing PTA as the only additive were 
mostly non-transparent, while in the three-component systems comprising Nafion, SiO2 
and PTA the membranes were translucent, and tended to become almost fully transparent 
when the ratio of silica to PTA was increased. In contrast, all the K+-form membranes 
were opaque due to the formation of potassium salt of PTA that consequently crystallized  
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Figure 4.2. Image of the synthesized Nafion-based membranes: 
a – 0.3% SiO2/ 15.0% PTA / Nafion / (K+-form), b –10.0% PTA / Nafion,  
3 –2.6% SiO2 / 10.0% PTA / Nafion, d –5.0%SiO2 / 10.0% PTA / Nafion. 
 
(Fig. 4.2). The main reason for such interesting behaviour is an introduction of silica into 
the membrane composition, which favours formation of smaller PTA crystallites, and 
therefore the membrane turns to transparent. Similar results of altering crystallite sizes 
were observed by de A. Prado et al. (2005) for the composite membranes based on 
sulfonated poly(ether ether ketone) with the addition of phosphomolybdic or 
phosphotungstic acids and ZrO2. The authors believe that this can be caused by 
chemosorption of Keggin-anions by ZrO2, which results in hindrance of crystallization of 
the heteropoly acid in a polymeric matrix. 
 
4.2.2. Infrared spectra of the PTA-doped membranes 
In order to prove the suggestion that silica, similar to zirconia, favours formation 
of smaller crystallites we measured FTIR spectra of the synthesized membranes, which 
are shown in Fig. 4.3. It can be seen that all the spectra have typical for a Nafion 117 
membrane bands at 1212, 1152 and 1057 cm-1 (Gruger et al., 2001), and the new bands, 
caused by an introduction of PTA and SiO2 into the membranes, appeared in the spectra. 
For the 10% PTA / Nafion membrane, a comparison of these new bands with those 
assigned to pure phosphotungstic acid (νintra(W-O-W), νinter(W-O-W), ν(W-O) and ν(P- 
O) usually appearing at 798, 889, 979 and 1078 cm-1, respectively; Lavrencic Stangar et 
al., 2001; Ratajczak et al., 2001) revealed that in the case of PTA / Nafion membrane the  
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Figure 4.3. IR-spectra of the synthesized Nafion-based membranes  
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vibrations νinter(W-O-W) and ν(W-O) are slightly shifted to the region of higher 
wavenumbers and νintra(W-O-W) band split into the doublet at 775 and 811 cm-1. 
A similar picture is observed for the 5.0% SiO2 / 4.8% PTA / Nafion membrane 
with the only difference that the split bands appear at 783 and 815 cm-1, which could be 
an indication of the Keggin ions expansion caused by weakening and elongation of W-O 
bonds due to the interactions with silica and polymeric matrix. This suggestion is 
affirmed by a shift of the band νs(Si-O-Si) (Fig. 4.2), typical for the polysiloxane network 
and usually appearing at 1130 cm-1 (Lavorgna et al., 2007) to 1137 cm-1 in our particular 
case. Relatively small band shifts in the spectra of the synthesized membranes testify to 
the formation of weak interactions between the silica and PTA. An indirect affirmation of 
this is the results of a series of experiments on the study of leaching of PTA from the 
membranes. In particular, keeping the membranes in DI water or the solution of sulphuric 
acid at 40oC resulted in partial leaching of PTA from the membrane structure, while no 
PTA losses were detected in the solution at ambient temperature. 
Unlike the above, the membranes stabilized by conversion into the K+-form did 
not show any PTA losses even after boiling in water or the solution of sulphuric acid, 
which is in good agreement with the results reported by Ramani et al. (2004; 2006). 
 
4.2.3. Proton conductivity of the Nafion-based membranes doped with PTA 
Proton conductivity of the synthesized membrane was measured according to the 
procedure described in Section 3.3.3. The results showed that the additives introduced 
into the polymer matrices did not have much of an impact on their proton conductivity in 
1.1 M sulphuric acid in comparison with that for the recast Nafion membrane (Table 4.1). 
The conductivity value for the recast Nafion was found to be much lower than that for a 
commercial Nafion membrane. This fact can be related to residual presence of organic 
substances (mainly DMFA) that have negative effect on the conductivity due to their 
ability to accept protons. However, in the series of self-synthesized composite 
membranes, conductivity was improved by 15-50% as compared to the recast membrane. 
The experimental results (Table 4.1) showed that an introduction of only silica into the 
membrane has no influence on the conductivity at a content of 10%, however, it leads to 
its increase at a 5% content. The addition of PTA along with silica results in higher  
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Table 4.1. Properties of Silica / Nafion and Silica / PTA / Nafion membranes 
Membrane  
Thickness4, 
mm 
IEC,  
mM g-1 
Conductivity5, 
Ω
-1
 cm-1 
W, wt.% 
Nafion-117  0.22 0.909 2.6 10-2 24.5 
Nafion (recast)  0.10 0.911 1.2 10-2 20.2 
Nafion / 5.0% SiO2  0.15 0.850 1.8 10-2 22.4 
Nafion / 10.0% SiO2  0.10 0.800 1.2 10-2 21.4 
Nafion / 10.0% PTA  0.15 1.180 1.4 10-2 17.5 
Nafion /2.6% SiO2 / 10.0%PTA 0.15 1.230 1.7 10-2 29.3 
Nafion / 5.0% SiO2 / 4.8% PTA 0.15 0.668 1.8 10-2 20.0 
Nafion / 10.0%SiO2/10.0%PTA 0.17 0.929 1.8 10-2 22.2 
Nafion / 5.0%SiO2 / 10.0%PTA 
(K+-form)  
0.15 − 1.5 10-2 − 
Nafion / 0.3%SiO2 / 15.0%PTA 
(K+-form)  
0.10 − 1.4 10-2 − 
 
proton conductivities. It is interesting to note that the highest ionic conductivity was 
obtained for the membranes having a SiO2:PTA weight ratio close to 1:1, although there 
are quite controversial experimental data on the effect of silica on proton conductivity. In 
particular, Jiang et al. (2006) and Ren et al. (2006) established that the silica modified 
membrane proton conductivity was considerably lower as compared to that of the 
commercial Nafion membrane. They support the opinion that introduction of silica 
reduces the number of water molecules available for the proton transfer due to their 
involvement in hydration of the incorporated silica. In contrast, Dimitrova et al. (2002) 
attained conductivity enhancement upon addition of silica. The authors believe that the 
silica modified membrane possesses a smaller hydrophobic/hydrophilic interface, 
favouring proton transfer, which is the result of formation of broader and less tortuous 
water filled channels within the membrane. Besides, incorporated silica acts as the filler 
                                                          
4
 Thickness was measured for the swollen membranes 
5
 Proton conductivity was measured in 1.1 M H2SO4 
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and thereby improves the membrane transport properties in terms of its ability to pass 
hydrogen ions through. 
 
4.2.4. Diffusion of ferric ions through the synthesized membranes 
The results on ferric ions diffusion through the synthesized membranes, obtained 
by a dialysis method considered in Section 3.3.5.2, are shown in Fig. 4.4. As can be seen 
from the plots, an introduction of the additives has a great effect on the ferric ions 
transfer in a comparison with that for a commercial Nafion 117 membrane. In particular, 
introduction of 5.0% SiO2 resulted in almost 6.5-fold decrease in the ferric ions transfer. 
The curves presented in Fig. 4.4 are very well fitted to equation {3.9} within the 
timeframe of 8, 10 and 20 hours for Nafion 117 (α=0.076), 5.0% SiO2 / Nafion  
(α=6.6⋅10-3) and 5.0% SiO2 / 4.8% PTA / Nafion (α=0.020) membranes, respectively, i.e. 
the equation works well as long as iron concentration in the depletion chamber is close to 
the initial one. On the basis of the above-mentioned data and the partition coefficients 
equal to 4.2 (Nafion 117), 2.4 (5.0% SiO2 / Nafion) and 2.8 (5.0% SiO2 / 4.8% PTA / 
Nafion), using equation {3.11} the diffusion coefficients for iron ions were calculated to 
be 2.2 10-7, 2.5 10-8 and 9.8 10-8 cm2 s-1 for Nafion-117, Nafion / 5.0% SiO2 and Nafion / 
5.0% SiO2 / 4.8% PTA, respectively. It should be noted that the diffusion coefficient 
obtained for a commercial Nafion membrane is consistent with the value (2 10-7 cm2 s-1) 
reported by Ye et al. (1988). 
 
4.2.5. Testing of the synthesized Nafion-based membranes doped with PTA in 
the BioGenerator 
The results of testing of the synthesized membranes in an actual fuel cell (refer 
to Section 3.5 for the procedure) are shown in Fig. 4.5. As can be seen from the plots, all 
the membranes exhibit identical behaviour in the range of low current densities (up to 
~180 mA cm-2). After that point, the cell potential of the fuel cell assembled with 2.6% 
SiO2 / 10.0% PTA / Nafion membrane starts to drop and reaches its minimum of 211 mV 
at short circuit. The maximum power density attainable with this membrane is  
83 mW cm-2, which is 10% less than that for Selemion HSF. The membrane containing 
5.0% of silica allows to obtain almost the same value of power density as Selemion HSF, 
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Figure 4.4. Change in the ferric iron concentration in the enrichment compartment 
of the dialysis cell (CE) over time 
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Figure 4.5. Comparison of the performance of 2.5% SiO2 / 10% PTA / Nafion,  
5% SiO2 / Nafion and Selemion HSF membranes in the BioGenerator 
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however it is achieved at ~230 mA cm-2, which is ~25 mA cm-2 lower than the current 
density at its maximum power density (91 mW cm-2) of the cell with Selemion HSF 
membrane. Such behaviour is explainable and clearly shows that the maximum attainable 
cell current is directly proportional to the membrane conductivity. In particular, the 
highest conductivity is exhibited by Selemion HSF membrane (4.1·10-2 S cm-1; 
Pupkevich et al., 2007) and then it significantly drops when we go from 5% SiO2 / 
Nafion (1.8·10-2 S cm-1) to 2.5% SiO2 / 10% PTA / Nafion (1.7·10-2 S cm-1) membranes. 
Exactly the same trend has the maximum current density (Fig. 4.5). 
 
4.2.6. Summary of the study on hybrid Nafion-based membrane 
The study showed that Nafion / Silica / PTA membranes can be synthesized by 
the straight forward technique using a “one pot” approach. A simple introduction of 
certain amounts of SiO2 and PTA can alter the properties of the membrane giving an 
opportunity of tailoring it according to the specific needs of the electrochemical device. 
In particular, it was established that introduction of only 5% of silica in the membrane 
composition leads to a significant decrease in the diffusion of ferric iron, which is a very 
important factor in the case of BioGenerator. Aside from that, doping of the membrane 
with PTA allows to increase its proton conductivity up to the level comparable with that 
of a commercial Nafion membrane. Thus, the proposed membranes have a very high 
potential of being used in the BioGenerator as well as some redox flow batteries.  
 
4.3. Study of the phosphorylated PVA-based membranes 
The polyvinyl alcohol-based membranes are believed to be promising 
components for the direct methanol fuel cells (DMFC) (Wu et al., 2006; Qiao et al., 
2005; Lin et al., 2007; Shen et al., 2008; Rhim et al., 2004), hydrogen-oxygen fuel cells 
(Sahu et al., 2008; Dobrovolsky et al., 2004), direct borohydride fuel cells (Shoudhury et 
al., 2009), alkaline fuel cells (Nikolic et al., 2011) and other applications mainly due to 
their low cost and good oxidative and hydrolytic stability. Since PVA membranes do not 
have high proton conductivity, various methods are used to improve proton conductive 
functionality, such as blending with sulfonated phenolic resins (Wu et al., 2006), 
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poly(styrene sulfonic acid) (Sahu et al., 2008), poly(acrylo-2-methyl-1-propanesulfonic 
acid) (Qiao et al., 2005; Qiao & Okada, 2008), poly(styrene sulphonic acid-co-maleic 
anhydride) (Lin et al., 2007; Kim et al., 2007); the use of PVA esterification by chloro-
sulfonic acid (Shen et al., 2008), aliphatic or aromatic disulfo-acids (Rhim et al., 2004; 
Dobrovolsky et al., 2004), phosphoric acid (Suzuki et al., 2000; Chen & Liu, 2011) as 
well as sol-gel method (Tripathi et al., 2008; Binsu et al., 2005). To prevent the leaching 
of water soluble substances with acidic functionality, the cross-linking is often required. 
It is usually done by dialdehyde cross-linking (Peckham et al., 2010; Qiao & Okuda, 
2008; Shen et al., 2008; Dobrovolsky et al., 2004) or by using esterification reactions 
(Shen et al., 2008; Rhim et al., 2004; Dobrovolsky et al., 2004). The sulfoacids-based 
membranes serve as superior methanol barriers and show proton conductivity comparable 
to or better than that for Nafion membranes (Lin et al., 2007; Maiti et al., 2012). 
However, such membranes demonstrate good conductivity at high humidity only. The 
blends of PVA with compounds bearing phosphonate or phosphate functional groups, as 
well as phosphorylated PVA (p-PVA), demonstrate the ability to retain the water of 
hydration in the temperature range of 80−125˚C and relatively high proton conductivity 
at low humidity (Chen & Liu, 2011; Jiang et al., 2008). Different methods are used for 
the phosphorylation of PVA (Suzuki et al., 2000; Chen & Liu, 2011). Those include, 
along with using phosphoric acid or POCl3, the application of auxiliary compounds and 
demand complex techniques of synthesis. The aim of this work is to develop a novel cost 
effective method for the PVA membranes phosphorylation using hypophosphorous acid 
and to study their transport properties as well as performance in the BioGenerator. 
 
4.3.1. Synthesis and physico-chemical properties of p-PVA gel membranes. 
The p-PVA membranes were synthesized according to the procedure described 
in Section 3.2.2-3.2.3. We believe that cross-linking/phosphorylation process, depending 
on the specific conditions, could go in several different ways. The suggested reaction 
pathways are presented in Fig. 4.6.-4.11. Most likely, when the cross-linking is achieved 
by hypophosphorous acid, it gets oxidized by the oxygen of air and the latter take part in 
the esterification reaction (Fig. 4.6), which can result either in linkage of the two adjacent 
PVA chains or formation of intramolecular cyclic structure (Fig. 4.7). When PMAH or 
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AMP are used as a cross-linking agent there are even more possible options due to 
availability of three –O-P(OH)2O groups (Fig. 4.8-4.11). Unlike the cross-linking with 
phosphoric acid, the formation of both intramolecular cycles and intermolecular linkages 
is possible due to longer hydrocarbon backbones in these molecules. It is interesting to 
note that the membranes synthesized using PMAH have a more flexible structure than 
those cross-liked with AMP, and therefore are prone to more significant geometrical 
changes (elongation) when swollen in water. 
The obtained phosphorylated PVA films had a slightly yellowish colour and 
were flexible, mechanically robust and insoluble in water. The films readily swelled in 
water and different electrolyte solutions, forming transparent gel membranes with good 
mechanical properties. A series of experiments was performed in order to investigate the 
influence of the temperature, mass ratio PVA:H3PO2 (hereafter will be referred as ratio) 
and time of curing on the properties of p-PVA membranes. It was established that in the 
range of ratios from 6.0:1.0 to 1.5:1.0 the temperature and time of curing are the key 
factors affecting properties of the p-PVA membranes. For instance, the water uptake of 
the p-PVA membranes phosphorylated at 115 and 130˚C (the ratio 4.0:1.0 and time of 
phosphorylation 1 h) was 224 and 127%, respectively. The elongation of p-PVA 
membranes (the ratio 4.0:1.0 and the temperature of curing 120˚C) was observed to 
reduce from 31.0 to 17.5% after increasing the phosphorylation time from 1.5 to 3 hours. 
The experiment conducted in this work showed that the ratio 4.0:1.0 and 3 h of curing 
time at 120˚C (the content of phosphorus was 4-5 % of the dried membrane weight) 
allow, to a first approximation, to get the optimal set of physico-chemical properties. The 
proof of such a suggestion is the appearance of gel membranes and their physical 
properties such as size, mechanical robustness, transparency and proton conductivity, 
which did not change after a year of keeping in 2 M H2SO4 at 22˚C. Apparently, it is due 
to very slow hydrolysis of polyvinyl alcohol phosphate esters at ambient temperature. For 
this very reason kinetic studies of the hydrolysis of different organic phosphates have 
been conducted at elevated (~100˚C) temperatures (Bel’ski, 1977). Relatively good 
hydrolytic stability of these ester linkages at moderate temperatures (20-80˚C) is 
favourable in terms of using p-PVA membranes in low temperature fuel cells and redox 
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Figure 4.6. Suggested schematic of PVA cross-linking by H3PO2 
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Figure 4.7. Suggested schematic of PVA cross-linking by H3PO4 
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Figure 4.8. Suggested schematic of PVA cross-linking by MPAH  
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Figure 4.9. Suggested schematic of PVA cross-linking by PMAH with formation of cyclic structures  
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Figure 4.10. Suggested schematic of PVA cross-linking by AMP  
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Figure 4.11. Suggested schematic of PVA cross-linking by AMP with formation of cyclic structures 
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flow batteries. The water flux of the synthesized membrane was determined to be 
6.08·10-2 g cm-2 h-1, which is about 1.7 times larger than that for Selemion HSF 
membrane (3.52·10-2 g cm-2 h-1). The permeability of ferric ions through the membrane 
was also higher (3.5·10-5 cm2 min-1) in comparison with Nafion 117 membrane (1.32·10-5 
cm2 min-1). In our opinion, the larger values of water flux and ferric ions permeability 
through the p-PVA gel membranes could be caused by their less dense structure and 
higher hydrophilicity. 
 
4.3.2. Interpretation of IR-spectrum of the p-PVA membrane.  
It is well-known that the IR spectrum of a molecule or a polymer is a so-called 
“fingerprint” and is usually used for the purpose of identification and, in the absence of a 
suitable reference database, for characterization of an unknown sample (Coates, 2003).  
To obtain more detailed information on chemical structure of the p-PVA and to 
find a proof to our suggested pathways of the membrane phosphorylation, we compared 
the observed stretching frequencies (wave numbers) (Fig. 4.12) with those predicted for 
the suggested structures (Fig. 4.13) formed within the membrane, and for the chemical 
bonds in different compounds (Coates, 1977; Rao, 1963; Goldenson, 1964; Guan et al., 
1995; Schmidt et al., 1987; Withnall & Andrews, 1987; Vuano et al., 2004; Li et al., 
2006; Heras et al., 2001; Fields, 1958; Daasch & Smith, 1951; Ohwada, 1968; Frenking 
et al., 1978). The structural units with pendant phosphate and phosphonate groups as well 
as cyclic and interconnected structural units were taken into consideration. In order to 
more easily estimate the stretching frequencies of chemical bonds, we used so-called 
“diatomic approximation” (Weckhuysen & Wachs, 1996). In terms of this approximation, 
the IR spectrum is considered to be a superposition of the stretching frequencies of an 
assembly of the diatomic oscillators. The wave number of the stretching motion for a pair 
of atoms forming a chemical bond may be found from the following equation (Coates, 
2003; Weckhuysen & Wachs, 1996), provided that each oscillator acts as a harmonic 
oscillator: 
 
k $ 1303lmno               {4.1} 
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Figure 4.12. FTIR spectra of the synthesized p-PVA membranes. 
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Figure 4.13. Suggested structures formed during the synthesis 
Numbers written in plain font over the bonds and in italics next to the atoms 
represent the bond orders and calculated partial charges on the atoms, respectively. 
99 
 
 
Table 4.2. Atomic parameters for calculation of Badger’s pqr constants  
Atom da, Å Atom da, Å Atom da, Å Atom da, Å 
H 0.094 O 0.274 S 0.567 Se 0.754 
B 0.532 F 0.360 Cl 0.637 Br 0.809 
C 0.336 Si 0.602 Ge 0.735 Sb 0.950 
N 0.328 P 0.591 As 0.751 I 1.011 
 
where ν is the wave number, cm-1, st is the stretching force constant, N cm-1, u is the 
reduced mass (u $ vvw/ vvw!! of i and j atoms forming chemical bond (atomic 
units). This equation gives a relationship between a force constant of the covalent bond, 
the masses of interacting atoms and the frequency of a vibration. A reasonably good fit 
between the bond stretching vibrations predicted by the equation {4.1} and experimental 
values was observed. In the present study, the values of force constants were estimated 
using the Badger’s rule (Badger, 1935). A general form of the Badger’s rule is expressed 
as follows: 
 
st $ Yyz{n'|yz}~              {4.2} 
 
where Cij and dij are the adjustable constants for a bond, Ǻ, re is the equilibrium bond 
length, Ǻ. The values of a constant dij were determined as the sum of di and dj atomic 
constants (T’ulin, 1991) of the bonded atoms (Table 4.2), and the values of Cij were 
considered as the fitting parameters. Using literature data (Cottrell, 1954; Robinson, 
1963; See, 2009; Kraka & Kremer, 2009; Goldwhite, 1981) on bond lengths and force 
constants, the following equations were derived: 
 
st  O ! $ 2.665 #t O 0.672!'"          {4.3} 
st  O ! $ 2.624 #t O 0.610!'"          {4.4} 
st  O ! $ 1.88 #t O 0.927!'"          {4.5} 
st  O ! $ 2.07 #t O 0.865!'"          {4.6} 
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In turn, the bond lengths in the suggested structures were estimated using the 
Brown’s rule of a bond valence sum (Brown, 2002), where the principle of the 
conservation of valency (k) associated with each atom is used. The sum of the bond 
valences (orders) of all the bonds formed by an atom is equal to the atomic valency. 
There are following relationships to determine the bond valences of C-H, C-C, C-O, C-P 
and P-O bonds (Lendvay, 2000; Cheng et al., 2002): 
 
Y'Y $ 6I 1.'3/.             {4.7} 
Y'- $ 6I 1./*'3/."              {4.8} 
Y'2 $ 6I 1."'3/.+             {4.9} 
'2 $ 31.(/
'.0
           {4.10} 
Y' $ 6I 1.*+'3/."/           {4.11} 
 
where S is the bond valence (valence units), and #Y'Y, #Y'-, #Y'2, #'2, #Y' are the 
bond lengths, Å. 
If a bond valence is known, the bond length can be easily calculated by a trial-
and-error method. The equation {4.11} is a result of the present study based on mean 
values of the bond lengths (Badger, 1935) for single (1.84  Å), double (1.66 Å) and triple 
(1.53 Å) carbon-phosphorus bonds. The bond valences of C-P, C-O(P), P-O(C), C-C and 
C-H were taken to be S =1, as a first iteration. The bond valence of the phosphoryl (P=O) 
group was estimated by the following formula (Cheng et al., 2002): 
 
2 $ 0.175cd //3g 
'.0
        {4.12} 
 
A bond valence 2 was calculated to be 1.5 for a hydrogen bonded 
phosphoryl group in diisopropyl methylphosphonate (ν = 1230 cm-1; Goldenson, 1964). 
Further, a difference between the valence of P atoms (5 in this particular case) and a sum 
of bond valences of P-O(C), P-C and P=O bonds was distributed over P-O(H) bonds. 
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After a number of adjustments, the final schematics of bond valences distribution are 
shown in Fig. 4.11, where the bond valences are written over the bonds in plain font. The 
estimations of bond lengths by equations {4.7}-{4.11} are summarized in Table 4.3. It 
can be seen that this approach gives the values of the bond lengths that are in a relatively 
good agreement with experimental ones. Then, the tabulated bond lengths were used to 
calculate the wave numbers of different bonds by equations {4.1}, {4.3}-{4.6}. The 
estimated and experimentally obtained values for stretching frequencies on characteristic 
stretching modes of the bonds along with the literature data (Coates, 1977; Rao, 1963; 
Goldenson, 1964; Guan et al., 1995; Schmidt et al., 1987; Withnall & Andrews, 1987; 
Vuano et al., 2004; Li et al., 2006; Heras et al., 2001; Fields, 1958; Daasch & Smith, 
1951; Ohwada, 1968; Frenking et al., 1978) are presented in Table 4.3. A comparison of 
experimental and calculated values showed that an error of the method is  20-25 cm-1. It 
is interesting to note, that the phosphorylation of PVA by H3PO2 results in the C=C 
bonds formation with the characteristic band at 1662 cm-1 (Figure 4.12). This 
phenomenon was also observed when phosphoric acid was used (Banks & Ebdon, 1993) 
and believed to be due to the chain–stripping elimination of water from a PVA matrix 
with polyene formation. The intensive, broad band at 3283 cm-1 belongs to the stretching 
vibration of hydrogen bonded OH-group (Coates, 2003; Rao, 1963). The bands at 2924 
and 2855 cm-1 correspond to the methylene C-H asymmetric and symmetric stretching 
vibrations, respectively, and the band at 970 cm-1 was assigned to the trans-C-H out-of-
plane bending vibrations (Coates, 2003; Rao, 1963). The comparison of P-C vibrations in 
a number of compounds (Table 4.3) with the observed stretching vibrations at 663 and 
752 (shoulder) cm-1 (Fig. 4.12) and calculated (674 cm-1) by the equations {4.1}, {4.5} 
and {4.11} confirms the formation of a P-C bond. Apparently, the shoulder at 752 cm-1 
and band at 663 cm-1 can be attributed to the asymmetric and symmetric vibrations of the 
P-C bond. The vibrations in the range of 950-1055 cm-1 were assigned to the stretching 
vibrations of P-O-C linkages in alkyl phosphate esters (Rao, 1963). As indicated by Rao 
(1963), it was not possible to specifically associate the bands at 1055-950 cm-1 with the 
stretching of either the P-O or the C-O bond. However, ab initio calculations (Guan et al., 
1995) and our estimations let single out specific vibrations. The band at 837 cm-1 and the 
shoulder at 752 cm-1 (coupled with P-C bond vibrations) can be assigned to the 
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Table 4.3. Bond lengths, force constants and stretching vibrations of the bonds in the suggested structures of  
the p-PVA membrane 
Bond Structure
,Å , 
N cm-1
ν, ' 
calculated literature data calculated observed literature data 
C-O(H) PVA 1.424 1.364* 4.86 1097 1094 1095** 
C-O(P) I-VI 1.435 1.425, 1.481a *** 4.67 1075 1094 
1047 
 
 
950-1055, range for 
C-O-(P) linkage§ 
1070, 1025k §§ 
1060(νas), 1047(νs)a *** 
 
C-P I-III 1.86 1.863b §§§,1.846c $ 
1.773d $$ 
2.31 674 663 
752, sh 
 
650-750, range for 
P-C (aliphatic) bond $$$ 
676b §§§, 740l # 
671, 756f $$$ 
 
P=O I-III 
IV 
V, VI 
1.469 
1.467 
1.449 
1.47e ##,1.476f ### 
1.457g & 
1.430h && 
9.39 
9.49 
10.39 
1230 
1236 
1293 
1250 
1250 
1330 
1250-1350&&& range of f 
organic phosphates 
1298e ♣ 
1254**, 1278 ♣♣ 
  
103 
 
 
 
 
 
 
 
(Table 4.3 continued) 
Bond Structure
,Å , 
N cm-1
ν, ' 
calculated literature data calculated observed literature data 
P-O(H) I 
 
II, III 
IV 
V, VI 
1.543 
 
1.488 
1.538 
1.490 
1.539-1.550d $$ 
1.54e ## 
− 
1.573g & 
− 
6.64 
 
8.56 
6.79 
8.48 
1034 
 
1174 
1045 
1168 
1047 
 
1190 
1047 
1190 
1068♣♣♣ 
 
− 
1055♣♣ 
− 
P-O(C) 
 
II, III 
 
IV-VI 
 
1.627 
 
1.627 
 
− 
 
1.597i ♠, 1.626j ♠ 
1.536, 1.582a *** 
 
4.68 
 
4.68 
 
868 
 
868 
 
837 
752, sh 
837 
752, sh 
 
780-850, range for 
P-O-C linkage§ 
827(νas), 754(νs)a *** 
860, 760m §§ 
 
a
 ammonium dimethyl phosphate, b H3C-PH2, c (CH3)3P, d benzenphosphonic acid, e HPO(OH)2, f (CH3)3PO, g H3PO4, h P4O10,  
i
 methylphosphomonoester, j propargylphosphomonoester, k tributyl phosphate, l tetradecane phosphonic acid, m trimethylphosphate, sh−shoulder. 
 
*
 - (Kalinnikov & Gribov, 1984); ** - (Li et al., 2006); *** - (Guan et al., 1995); § - (Rao, 1963); §§ - (Ohwada, 1968); §§§ - (Schmidt et al., 1987);  
$
 - (Frenking et al., 1978); $$ - (Weakley, 1976); $$$ - (Daasch & Smith, 1951); # - (Fields, 1958); ## - (Furberg & Landmark, 1957);  
###
 - (Goldwhite, 1981); & - (O’Keeffe & Domenges, 1985); && - (See, 2009); &&& - (Coates, 2003); ♣ - (Withnall & Andrews, 1987);  
♣♣
 - (Vuano et al., 2004); ♣♣♣ - (Heras et al., 2001); ♠ - (Sorensen-Stowell & Hengee, 2005) 
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asymmetric and symmetric vibrations of the P-O bond in the ester linkage, respectively. 
The bands at 1094 cm-1 (coupled with C-O(H) band of PVA backbone) and 1047 cm-1 are 
asymmetric and symmetric stretching modes of the C-O bond, respectively. It should be 
noted, that the calculated wave numbers for P-O(C) bonds in different structures are 
significantly higher than experimental values. Apparently, the real bond valence of this 
bond is lower than assumed (0.98), which could facilitate the cleavage of the P-O bond 
by the reaction of hydrolysis and, as a consequence, affect hydrolytic stability of the 
phosphorylated PVA products. This also explains the ability of p-PVA to dissolve in 
concentrated solutions of strong acids, such as HCl, H3PO4 and H2SO4. The phosphoryl 
group absorption occurs in the region of wave numbers of 1170-1350 cm-1 (Goldenson, 
1964; Daasch & Smith, 1951). According to our calculations, the cyclization and cross-
linking could affect the stretching vibrations of phosphoryl group and P-O(H) bond 
(Table 4.3). The comparison of observed bands for P=O group at 1330 cm-1 and the P-
O(H) bond at 1190 cm-1 with predicted ones (Table 4.3) confirms the formation of the 
cyclic and interconnected structures. Thus, taking into account all the above-mentioned 
results we can conclude that phosphorylation of PVA membranes by H3PO2 leads to 
formation of the complex structure, formed by interconnected polyvinyl alcohol chains 
with pendant and cyclic phosphate and phosphonate groups. The interconnected diester 
structures provide necessary cross-linking of the PVA membranes. The formation of C=C 
bonds opens up the possibility to further modify the membranes functionality by various 
organic chemistry reactions. The following pathway of interaction between PVA and 
H3PO2 can be suggested. The reaction starts with oxidation (by air) and simultaneous 
disproportination of H3PO2 to give H3PO3 and H3PO4: 
 
2H3PO2 + 1.5O2 = H3PO3 + H3PO4         {4.13} 
 
Further, some dehydration of PVA catalysed by H3PO4 results in the formation 
of C=C bonds followed by the reactions of C-P bonds formation, i.e. creation of 
phosphonate groups: 
OHC $ CH O C H O  H"PO"  0.5O 4  OHC $ CH O C OH!PO OH! O   {4.14} 
OHC $ CH O CH O  H"PO  0.5O 4  OHC O HC O PO OH! O CH O   {4.15} 
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The schemes of the final reactions of phosphate and phosphonate esters 
formation are well-known (Sander & Steininger, 1967a; 1967b; 1968) and therefore are 
not given here. 
 
4.3.3. Partial charges on oxygen atoms in the PVA membrane structures.  
In an attempt to shed light on a mechanism of proton conductivity in the 
synthesized membranes, we made an attempt to estimate distribution of charges within 
the membranes framework. Charges on oxygen atoms () in a molecule can be estimated 
in terms of the partial charge model by the following equation (Henry et al., 1992): 
 
 $ n'y 1."(ly            {4.16} 
 
where Xe is the equalized electronegativity of a molecule, ¡ is the electronegativity of i-
atom.  
Equalized electronegativity is a geometric mean value of the electronegativity of 
all atoms composing a molecule. The well-known Allred-Rochow’s scale of 
electronegativity was used for calculation of Xe values (Allred & Rochow, 1958). In 
calculations of the equalized electronegativity, the structures I-VI (to maintain the 
electroneutrality of a structure) were terminated by −CH2CH(OH)CH3 radical. The values 
of equalized electronegativities of such molecules were calculated by a method proposed 
by Carver et al. (1974). The following values of equalized electronegativity were 
obtained for the structures I-VI and PVA backbone: I − 2.465, II − 2.449, III − 2.461, IV 
− 2.492, V − 2.537, VI − 2.534, PVA − 2.575. Using these values, the charges on atoms 
in different structures were calculated. The charges are presented in Fig. 4.13 and written 
in italics. It seems that the approach chosen for estimation of charges works reasonably 
well and allows to attain the reliable values. In particular, the charges on the P atom (as a 
central atom) in structures I-VI calculated by the above-mentioned model are close to 
those obtained by the quantum chemical calculations for vinylphosphonic acid (+1.17; 
[Forner & Badawi, 2008] and +1.443 [Hernandez-Laguna et al., 1994]). We believe that 
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increased density of negative charges on oxygen atoms in structures I-VI results in extra 
hydrogen bonding within the p-PVA matrix and affects not only proton conductivity, but 
also water flux through the membrane and other transport properties. 
 
4.3.4. Proton conductivity of the phosphorylated PVA membranes 
The proton conductivity of a membrane is one of the most important 
characteristics, which has a tremendous impact on the performance of electrochemical 
cells. Therefore, knowing it and understanding ways of altering it during the membrane 
synthesis is of paramount importance. 
The synthesized p-PVA gel membranes show relatively high proton conductivity 
(compared to commercial Selemion and Nafion membranes) when they are doped by 
sulfuric acid. It can be seen from Fig. 4.14 that proton conductivity is greatly affected by 
the concentration of sulfuric acid. The dependence of conductivity at 22˚C for the p-PVA 
membrane phosphorylated with 30%H3PO4 is described by the following equation: 
 
¢ $ O8.96 · 10'£-."  5.19 · 10'"£-.  7.96 · 10'"£-.  5.51 · 10'"   {4.17} 
 
where σ is the proton conductivity, S⋅cm-1 and CH+ is the concentration of hydrogen ions 
mol L-1.  
When the concentration of H+ ions approaches zero, the proton conductivity 
approaches the “intrinsic” proton conductivity, which is equal to 5.51·10-3 S cm-1 in this 
particular case. This value is by 2.5 orders of magnitude higher than that of a pure PVA 
membrane (3.65·10-5 S cm-1; Li et al., 2003). We believe that such a significant 
difference can be explained by formation of strong acid-base complexes with sulfuric 
acid due to the high density of negatively charged oxygen atoms. Apparently, those 
complexes cannot be completely hydrolyzed by water during washing and, therefore, 
higher intrinsic proton conductivity of the membrane is associated with participation of 
the “traces” of acid-base complexes in a proton transport process. However, the lower 
intrinsic proton conductivity in comparison with Selemion HSF and Nafion 117 
membranes permits to suggest the Grotthuss mechanism (Agmon, 1995) of proton  
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Figure 4.14. The dependence of proton conductivity of the synthesized p-PVA 
membranes on the concentration of hydrogen ions in the doping solution 
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conductivity in phosphorylated PVA gel membranes doped by “traces” of strong acids. 
 
4.3.5. Water flux through the synthesized p-PVA membranes 
Another very important thing from the operations point of view of the 
BioGenerator is water management. As was afore-mentioned, a large amount of water 
passing through the membrane from the cathodic to the anodic compartment of the 
electrochemical cell can significantly hinder the hydrogen mass transfer within the 
electrode (anode) and result in premature deterioration thereof. Therefore, a water flux of 
selected membranes was measured as described in Section 3.3.4. As can be seen in Fig. 
4.15, the membranes synthesized using 30% H3PO4 and 40% PMAH exhibit almost the 
same amount of water passing through them (6.08·10-2 and 5.92·10-2 g cm-2 h-1, 
respectively). However, 30% AMP/PVA shows a considerably lower value (4.09·10-2 g 
cm-2 h-1), which is not that far from that of a commercial Nafion membrane. The major 
reason for such behaviour could be significantly “tighter” (more compact) structure of the 
polymeric backbone due to three-dimensional cross-linking by AMP, as was considered 
above (Figs. 4.10, 4.11). However, a higher degree of cross-linking has a negative effect 
on proton conductivity (Fig. 4.14), because it prevents water and acid from going into the 
membrane structure, which, in turn, participate in shuttling protons through the 
membrane. Therefore, a water management in fuel cells is a very complex issue and 
requires a very scrupulous and fine approach. 
 
4.3.6. Testing of the synthesized p-PVA membrane in the BioGenerator  
The results of the membranes testing in an actual fuel cell are presented in Fig. 
4.16. The figure compares the power and current-voltage behaviour of a Fe3+/H2 fuel cell 
with different types of the synthesized p-PVA membranes and commercial Selemion 
HSF at ambient temperature. As can be seen from the figure, the values of cell voltage as 
well as power density are almost equal in the region of low current densities. However, 
starting from 50 mA cm-2 the difference in performance becomes more significant and 
keeps growing as the current density increases. Judging by their performance the 
membranes can be split into three general groups: a) the membranes cross-linked/ 
phosphorylated with 30%AMP, 30%H3PO2, 30%H3PO4 and 5%H3PO2 / 15%AMP / 
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Figure 4.15. Comparison of the water flux through the synthesized p-PVA 
membranes  
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Figure 4.16. Performance of the 
BioGenerator 
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/ 20%PMAH showed the worst performance and reached the maximum power densities 
within the range of 67-71 mW cm-2 at the current densities of 185-199 mA cm-2; b) the 
second group consists of 5%SiO2 / 40%MPAH / PVA and Selemion membranes, which 
exhibited identical behaviour and gave the maximum power density of ~93 mW cm-2 at 
255-270mA cm-2; c) the 12.3%H3PO2 / 14.8%AMP / PVA membrane that exhibited the 
best performance amongst others and allowed to obtain the power density of 107 mW cm-
2
 at 298 mA cm-2. In case of the 30%H3PO4 / PVA membrane the maximum power 
density of 71 mW cm-2 was reached at 200 mA cm-2, whereas performance of the 
Selemion HSF membrane reached 95% of its maximum. As was previously mentioned, 
the proton conductivity of the p-PVA membrane is greatly affected by the concentration 
of H+ ions (acid), and doping with 1 M H2SO4 allowed to achieve the proton conductivity 
of 3.5·10-2 S cm-1, which is close to, but still lower than the conductivity of Selemion 
HSF membrane in 1 M H2SO4 (4.1·10-2 S cm-1; Pupkevich et al., 2007b). Therefore, the 
larger maximum power density observed for the Selemion HSF (88 mW cm-2 at 290 mA 
cm-2) is quite reasonable, because in the region of higher current densities ohmic 
resistance within the cell has the biggest impact on a cell voltage. Nonetheless, we 
believe that the synthesized p-PVA membrane can be a very serious contender in the light 
of new possibilities for modification and tailoring membranes for specific applications, 
and due to its unbeatable inexpensiveness in comparison with current commercially 
available membranes. 
 
4.3.6. Summary of the p-PVA membrane study 
The results presented above, combined with the data on phosphorylation of PVA 
available in the literature allowed us to conclude that phosphorylation of PVA by 
hypophosphorous acid at 115-130˚C results in the formation of mixture of phosphonate 
and phosphate mono- and diesters. The cross-linking is achieved by formation of 
interconnected structures. 
The formation of acid-base complexes in the structure of the synthesized p-PVA 
membrane, facilitated by the high density of negatively charged oxygen atoms, is 
believed to provide a strong dependence of proton conductivity on H+ ions concentration 
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and results in the intrinsic proton conductivity within the range of 1·10-3-6·10-3 S cm-1 at 
22ºC.  
The results of membranes testing in the BioGenerator fuel cell unit showed a 
good performance in the region of medium current densities, which allows to suggest 
their potential use as an effective basis for developing customized membranes for various 
electrochemical energy storage applications. 
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CHAPTER 5. Study and scale-up of the electrochemical cell 
Whereas the bioreactor can be considered a heart of the BioGenerator, the 
electrochemical cell is nothing but a powerhouse. In order to function reliably and 
efficiently all the components therein need to be carefully selected and tailored. As 
aforementioned, rate of electrochemical reactions in fuel cells is a crucial parameter 
affecting operation of an electrochemical cell as a whole (See Chapter 2). Therefore, 
choosing appropriate electrode materials is of a paramount importance and, consequently, 
has a tremendous impact on overall efficiency of the system. 
 
5.1. Electrode materials for the Fe3+/H2 electrochemical cell 
The fuel cell unit of the BioGenerator is a unique electrochemical cell, which 
combines the best features of conventional fuel cells and redox flow batteries. In 
particular, the anodic half-cell reaction therein is identical to the one in hydrogen/oxygen 
(PEM) fuel cells (see Section 2.1.1, Equation 3.1), whereas the cathodic half-reaction is 
exactly the same as in the iron/chromium redox flow cell (see Section 2.2.3, Equation 
3.2). For this very reason the selection of electrode materials for our fuel cell unit was 
based on the analysis of the electrodes currently used in the above-mentioned types of 
electrochemical cells. 
 
5.1.1. Anode materials 
There is a massive array of information on various kinds of single-, double- and 
multi-component electrode materials for hydrogen oxidation reaction available in the 
literature. Majority of the catalysts used for this purpose are based on precious metals and 
their alloys (Chu et al., 2009; Chebbi et al., 2011), and some on intermetallic materials of 
non-precious metals. However, for the time being, non-precious metal catalysts did not 
receive a great deal of attention and are just on the state-of-the-art stage (Tiwari et al., 
2013) and, unfortunately, were unable to prove their capability to compete with precious 
metals-based catalysts. Since the anodic reaction in our system is identical to the one in 
the conventional PEM fuel cells, the choice of an appropriate electrode material was 
114 
 
 
mainly guided by the requirements for the PEM anode material: a) high electrocatalytic 
activity towards hydrogen oxidation reaction, b) good transport of protons to the 
membrane and electrons to the current collector. In addition to that, due to the similarity 
of the Fe3+/H2 electrochemical cell with DMFCs (i.e. use of liquid and gaseous reactants) 
and, consequently, challenges with liquid crossover and electrode flooding thereof, water 
management and resistivity to flooding were added to the list of major requirements. 
Therefore, the gas diffusion electrodes with elevated hydrophobicity (See Section 3.1.3.1) 
were used during the BioGenerator tests. 
  
5.1.2. Cathode materials 
Different kinds of carbonaceous materials, such as carbon paper, carbon 
granules, reticulated carbon foam, or carbon and graphite felts, are used to catalyze the 
reactions at a cathode and an anode in different types of electrochemical cells. Thanks to 
the similarity of the electrochemical process in the cathodic side of our system to the one 
occurring in redox flow batteries, i.e. electrochemical reduction of metal ions, the choice 
of a cathode material was narrowed down to carbonaceous felts. A great deal of scholarly 
papers has been dedicated to study and development of carbonaceous electrode materials 
in electrochemical cells (Aelterman et al., 2008a; Chen et al., 2012; Song et al., 2012). 
However, after thorough comparative analysis and series of experiments by different 
researchers it was shown that using graphite felt as a cathode material allows to obtain 
higher current and power densities both in redox flow batteries and biological fuel cells 
(Zhong et al., 1993; Noack & Tuebke, 2010; Zhang et al., 2012b; Chakrabarti et al., 
2014). 
In order to find the best cathode material for our system a number of various 
pristine and treated carbonaceous materials were tested in an actual Fe3+/H2 fuel cell unit 
(Fig. 5.1). Unfortunately, as can be seen in the figure, the use of pristine graphite felt as a 
cathode material exhibited a significant activation overpotential (~400 mV at ~50  
mA cm-2), which pointed out the need in a special treatment in order to reach an 
acceptable catalytic activity of the material towards the Fe3+/Fe2+ redox reaction. There 
has lots of research been carried out in the area of study and improvement of graphite felt 
electrodes for electrochemical cells by growing carbon nanofibers on the surface (He et 
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al., 2013), by electrodeposition of non-precious metal oxides like PbO2 (Wu et al., 2014), 
by deposition of metals by thermal decomposition of carbonyls (Wang et al., 2013), by 
electrochemical oxidation (Zhou et al., 2013; Xu et al., 2013), by thermal (Sun & 
Skyllas-Kazacos, 1992) and acid treatment (Sun & Skyllas-Kazacos, 1992a). One of the 
well-known techniques of improving a catalytic activity is modification of a material with 
tungsten heteropolyoxometallates such as W10O324- or PW12O403- (Clinton, 1996; Nadjo & 
Keita, 1994). Due to the fact that these polyanions possess a very high electronic density, 
the presence of a large number of highly oxidized metallic centers on the surface of 
electrode materials can result in a significant boost of catalytic activity. Regrettably, in 
our case modification of a SIGRATHERM graphite felt with PW12O403- did not get a 
desirable activity, although some slight improvements were registered and the activation 
overpotential of ~380 mV at 50 mA cm-2 observed (Fig. 5.1). However, in order to make 
the process of ferric ions reduction, and ultimately operation of the fuel cell unit, efficient 
a more active cathode material needs to be used. Thermal treatment of graphite felt at 
450oC in air (Pupkevich et al., 2007) was found to be an appropriate technique for 
cathode material activation and showed a significant improvement of the cathode 
performance in comparison with pristine graphite felt (~200 mV overpotential at  
50 mA cm-2). As was already mentioned in Section 3.1.3.1, in order to achieve a desirable 
electrode thickness SIGRATHERM graphite felt had to be split into two layers prior to 
activation, which slightly altered mechanical robustness of the electrode. To avoid this 
extra step, activated KYNOL carbon felt was used instead of graphite felt. As can be seen 
in figure 5.2, the Fe3+/H2 fuel cell performance with activated KYNOL carbon felt as the 
cathode was slightly better (the cell voltage ~ 40 mV higher) than that with activated 
SIGRATHERM graphite felt. However, despite the observed improvement in the cell 
operation a choice of the cathode material for our system was made in favour of 
SIGRATHERM graphite felt, mainly due to significantly higher temperature required for 
the carbon felt treatment (~1200oC in nitrogen for 2 hours, unlike 450oC in case of 
SIGRATHERM graphite felt) to achieve desirable degree of activation.  
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Figure 5.1. Performance of the 4×4 fuel cell with flow-through cathode.  
Native - SIGRAHTERM graphite felt; modified – SIGRATHERM graphite felt 
modified by tungsten heteropolyoxometallates; activated – thermally activated 
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Figure 5.2. Comparison of the performance of 4×4 cm single cell FC with serpentine 
flow pattern with KYNOL activated carbon felt and SIGRATHERM 
activated graphite felt cathodes 
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5.2. Influence of a catholyte flow pattern and operating conditions on 
the Fe3+/H2 fuel cell performance 
Another very important factor that has a great impact on the fuel cell 
performance is the concentration gradient of a catholyte within the electrochemical cell. 
In turn, it is heavily dependent on the fuel (hydrogen gas) and the oxidant (ferric sulfate) 
flow patterns as well as operating regime of the electrochemical cell. Quite a lot of 
research has been conducted in this domain in the past decade and a great deal of various 
flow distribution designs have been reported in the literature (Cooper, 2004; Kumar & 
Reddy, 2004; Hermann et al., 2005; Li & Sabir, 2005; Lee et al., 2008; Karimi et. al., 
2012; Kim et al., 2013; Mawdsley et al., 2013). However, there is no such a thing as “the 
best design”, merely because it is a very complicated matter and requires a case-by-case 
approach. 
Several catholyte flow patterns and bipolar plate designs/geometries were 
proposed and studied in our system (Fig. 5.3). As can be seen in the figure, all the curves 
can roughly be grouped in two clusters: the ones exhibiting higher cell voltage 
(employing flow through cathodes) and the ones showing lower cell voltage (with 
serpentine and interdigitated catholyte flow pattern). Such a finding is not surprising at 
all. While serpentine flow distribution of gaseous reactants, as in the case of 
hydrogen/oxygen fuel cells, does not have any effect on the cell performance, and could 
be even beneficial from an operations standpoint, because it allows for an easy way of 
supplying large volumes of gasses at low pressures, i.e. with low pressure drops, 
employing a very simple and inexpensive, from a manufacturing point of view, design. 
However, in the case of liquid reagents it is no longer the case, because the same stream 
of liquid delivers electrochemically active species to and from the electrode. When the 
catholyte travels along the channel in the flow distribution plate with a serpentine flow 
pattern (Fig. 3.5a), the ratio between concentrations of reduced and oxidized species 
(Fe2+ and Fe3+ ions, respectively) increases, which results in a lower half-cell reduction 
potential according to the Nernst equation,  
 
E¥¦§ $ E¥¦§¨ O ©ª«¬ ln
¯¬¦f.°
±¬¦~.²          {5.1} 
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where Ered and Eored is the reduction and standard reduction potential, respectively; R is 
the universal gas constant, F is the Faraday’s constant. 
 
Hence, different regions of the cathode within the cell perform differently, i.e. better at 
the beginning of the channels and significantly worse at the end of the channels, which 
creates parasitic currents within the electrode, and, ultimately, results in a worse 
performance of the electrochemical cell overall. 
 
E³¦´´ $ E¥¦§  E¨µ           {5.2} 
 
where Ecell is the electrochemical cell potential, and Ered and Eox are the potentials of the 
reduction and oxidation half-cells, respectively. 
 
In order to avoid this negative impact the design of bipolar plates and operation 
regime should be such that the residence time of the catholyte within the electrochemical 
cell is minimal (i.e., as short pathway as possible). Although, the improvement in a cell 
performance when switched from serpentine to parallel serpentine flow pattern (Fig. 5.3) 
is not obvious, because it was implemented along with an increase in the plate working 
area, which resulted in a channel length longer than that in a serpentine design, a parallel 
serpentine channel design (Fig. 3.5b), apparently, can address the above-mentioned issue, 
provided that the electrochemical cell operates at relatively low current loads. After 
testing several plate designs with the flow-through cathodes (Fig. 3.5d-f) it was found 
that this is the most efficient way of supplying the catholyte to the electrode, which 
allows to minimize mass transfer limitations associated with shuttling the oxidant (i.e. 
Fe3+ ions). Although, it does not allow to eliminate this issue completely, the cell 
performance can be significantly improved. In particular, the 4×4 cm cell with the flow-
through cathode and 4×10 cm cell (Fig. 3.5e) with the catholyte fed widthwise show the 
same cell voltage (700 mV at current density of 100 mA cm-2), which is considerably 
higher than that of a 10×10 cm cell (655 mV) at the same current density (Fig. 5.3). 
Switching the direction of catholyte feed in the 4×10 cm cell from widthwise to 
lengthwise (Fig. 3.5f) resulted in a voltage drop to 695 mV. It is a clear indication that the  
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Figure 5.3. Comparison of a single cell Fe3+/H2 cell performance with different flow 
distribution patterns 
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Table 5.1. Concentrations of ferrous and ferric iron in the catholyte (bioreactor 
liquid) at different operating regimes. 
Icell, A vcat, L s-1 [Fe2+]in, g L-1 [Fe2+]out, g L-1 ∆[Fe2+], g L-1 
1.6 0.0025 0.20 0.56 0.36 
1.6 0.0024 0.45 0.84 0.39 
3.0 0.0036 0.09 0.56 0.47 
3.0 0.0038 0.10 0.56 0.46 
3.0 0.0032 0.28 0.83 0.55 
3.0 0.0031 0.26 0.83 0.57 
4.0 0.0042 0.10 0.65 0.49 
4.0 0.0040 0.56 1.14 0.58 
4.0 0.0036 0.56 1.26 0.70 
4.0 0.0042 1.11 1.68 0.57 
4.0 0.0035 2.51 3.25 0.74 
10.0 0.0028 0.15 2.23 2.08 
10.0 0.0030 0.05 1.95 1.90 
 
cell performance is directly proportional to the length of the catholyte pathway regardless 
of a flow distribution plate design. 
Despite the obvious advantages of the flow-through cathodes from the cell 
performance point of view, its use in a real system is quite limited due to significant 
pressure drops and, consequently, higher operation pressures (up to 200 kPa). 
Another way to tackle a problem of concentration gradient within the cell is to 
change an operation regime, i.e. increase a flow rate of the catholyte through the cell to 
lower/minimize its residence time within the cell. As can be seen in Table 5.1, even slight 
decrease in the catholyte circulation rate results in a significant increase in the ferrous 
iron concentration in the outlet of the electrochemical cell. The concentration gradient 
becomes even more prominent when the cell operates at high current loads. For instance, 
at the constant catholyte flow rate of ~2.5 mL s-1, an increase of a current load from 1.6 
to 10.0 A results in an almost six-fold increase in the concentration of Fe2+ ions in the cell 
outlet. 
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As can be seen in Figure 5.4, the performance of the Fe3+/H2 electrochemical cell is quite 
sensitive to a change of the catholyte pumping rate. The short circuit cell potential of a 
4×4 cm cell can be boosted to 421 mV from 416 mV by increasing the catholyte flow rate 
from 245 to 540 mL min-1. However, further increase in the flow rate (up to  
595 mL min-1) does not result in a noticeable change in the cell voltage. Such behaviour, 
most likely, is caused by the fact that at such catholyte flow rates the mass transfer of 
electrochemically active species occurs mainly by diffusion. 
 
5.3. Influence of the catholyte characteristics on a fuel cell performance 
Due to the fact that the catholyte stream in our system serves as a carrier of the 
electrochemically active species both to and from the electrode, properties of the 
catholyte should be carefully chosen and maintained during the BioGenerator operation 
in order to achieve a good and stable performance. 
 
5.3.1. The catholyte temperature effect 
In order to find out the effect of the catholyte temperature on the BioGenerator 
operation, the system was tested at ambient temperature and 40oC – the temperature 
optimal for the growth and proliferation of the iron oxidizing bacterium L. ferriphilum 
(Fig. 5.5). Since the reaction occurring in the electrochemical cell (Equation 3.3) has 
positive entropy, the reversible cell potential, ¶, becomes larger when the operating 
temperature increases (See Appendix B). In particular, the reversible cell potential at 
40oC is 0.788 V. As can be seen from Figure 5.5, effect on the cell performance is very 
insignificant in the range of low current densities (up to ~30 mA cm-2). However, it keeps 
growing as the current density increases. For instance, at ~250 mA cm-2 the cell voltage 
of the system can be boosted by ~30 mV (from 360 to 390 mV) by increasing 
temperature from ambient to 40oC. It is a very significant increase, which is accounted 
for by improvement of the mass transfer of electrochemically active species, i.e. Fe3+ and 
Fe2+ ions, due to accelerated diffusion. Since the cell performance is not “diffusion 
limited” at lower current densities, the temperature increase has a very limited effect 
neither on the cell voltage nor the fuel cell stack power.  
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Figure 5.4. Effect of the catholyte flow rate on the performance of a single cell FC.  
Usc is the short circuit voltage and Isc is the short circuit current of a 4×4 cm 
fuel cell, respectively. 
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Figure 5.5. Effect of temperature on the performance of the 20×20cm FC stack with 
parallel serpentine flow pattern 
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5.3.2. The catholyte pH effect 
Acidity of the bioreactor liquid (catholyte) is a very important factor for two different 
reasons. Firstly, it has a great effect on the biological component of the BioGenerator, i.e. 
the growth and performance of the iron oxidizing microorganisms. Secondly, it can have 
an impact on the performance of the electrochemical cell. In order to find out the latter 
one, the Fe3+/H2 single cell was tested using the catholyte with different pH. As can be 
seen in Figure 5.6, the voltage of the electrochemical cell is affected by the pH of the 
bioreactor liquid quite significantly. In particular, at the current load of 20 A the cell 
voltage of ~450 mV was observed, when pH of the catholyte was 0.90. However, 
acidification of the solution up to pH 0.25 results in the voltage of ~480 mV. Such a 
significant difference in the cell voltage can be explained from two different aspects. 
High pH of the solutions containing high concentrations of ferric ions creates favourable 
conditions for formation of mono- and polynuclear hydroxo complexes, such as 
±FeOH HO!²"5, ±Fe OH! HO!*²5, ±Fe OH! SO!²"5 etc. (Moraw et al., 2006; 
Lente, 2001), which, in turn, have significantly slower mobility in the solution as 
compared to the aqua ions. Therefore, acidification of the bioreactor solutions facilitates 
the transport of electrochemically active species to the cathode and, consequently, 
improves performance of the electrochemical cell overall. The pH effect becomes more 
prominent when the system operates at high current loads, because in this region the 
delivery of ferric ions to the cathode is heavily dependent on the diffusion. Another 
reason of the cell voltage boost is additional doping of the proton exchange membrane 
with sulfuric acid. As was already mentioned in Chapter 4, exposure of the membrane to 
a reasonably concentrated solution of acid results in higher proton conductivity, mainly 
due to incorporation of acid molecules in the membrane framework, which in turn 
actively participate in the charge transfer. 
 
5.3.3. Effect of compression of bipolar plates 
As was described in Section 3.1.3, the design of electrochemical cell/stack used 
in the BioGenerator is significantly different than the one in PEM fuel cells. 
Conventional fuel cells usually employ membrane electrode assemblies (MEAs), which 
are basically a sandwich of an anode and cathode heat-pressed onto the proton exchange  
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Figure 5.6. Effect of the catholyte pH on the performance of FC 
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membrane. Despite the fact that heat pressing allows to achieve very low internal 
resistance within the MEA, such design is not appropriate for our system, because the 
proton exchange membrane (Selemion HSF) used in the system is a bipolar membrane 
and cannot withstand any thermal treatment without compromising its electrochemical 
properties and structural integrity. Therefore, the components in the electrochemical 
stack, i.e. membrane and electrodes, are mechanically compressed to each other as 
schematically shown in Figure 5.7. Since high internal resistance causes noticeable ohmic 
losses during the cell operation, one always tries to minimize it. In virtue of a specific 
design of the Fe3+/H2 cell, the clamping force applied during the stack assembly affects 
the contact resistance between the cell components. In order to find out what impact it 
can have on the cell performance, two single cells employing a flow-through cathode 
were assembled using the gaskets of different thickness (0.25 and 0.80 mm) and tested as 
described in Section 3.5. As can be seen in Figure 5.8, the cell performance noticeably 
improves and the voltage drop is more leveled (less sloped), when the thinner gasket is 
used. In particular, reducing the gasket thickness from 0.80 mm to 0.25 mm allows to 
increase the cell voltage by 35 mV at the current density of 150 mA cm-2. It is interesting 
to note that the change in the gasket thickness has a very slight effect on the anode 
performance, whereas the cathode potential exhibits a noticeable improvement. Most 
likely it can be explained by the very nature of the electrodes: the anode framework is 
made of graphite fabric, and has a fairly rigid and organized structure, whereas the 
cathode is made of a thermally activated graphite felt, which is a very soft material with a 
highly developed surface area and uneven surface. Therefore, an increase in a clamping 
force results in a higher contact area between the cathode, the membrane and the flow 
distribution plate. Even greater effect is expected in the case of channeled bipolar plates 
(not flow-through cathode), because the stronger clamping force does not only reduce the 
contact resistance between the cathode and the plate, but also squeezes the graphite felt 
cathode into the channels, as shown in Figure 5.7. In turn, this has a manifold effect on 
the cell performance. Firstly, due to reduction of the channel cross-sectional area the 
linear velocity of the catholyte in the channel increases that is equivalent to an increase in 
the catholyte flow rate described in Section 5.2. Secondly, the graphite felt within the  
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Figure 5.7. Cross-section of a schematic fuel cell stack (adapted from Kuhnemann et 
al., 2012) 
BPP – bipolar plate  
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Figure 5.8. Effect of a gaskets thickness on the performance of a single cell 10×10 cm 
electrochemical cell with the flow-through cathode 
Thin gasket – 0.25 mm, thick gasket – 0.80 mm 
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Figure 5.9. Effect of a wire gauge on the current drawn from the FC 
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channel operates as a semi-flow-through cathode that facilitates ferric and ferrous ions 
mass transfer. 
 
5.3.4. Effect of the system internal resistance 
Apart from the internal resistance within the electrochemical cell, ohmic 
resistance of the system overall has a great impact on ability of the BioGenerator to 
generate maximum current. As can be seen in Figure 5.9, the use of 9 gauge wires to 
connect the electrochemical stack to the current controlling DC electronic load allowed to 
obtain the current density of ~180 mA cm-2 at short circuit. Change of the wires size to 0 
gauge resulted in a significantly higher current density (~285 mA cm-2), which is equal to 
almost 55% increase. Thus, in order to minimize losses and improve the power output of 
the system, the use of heavy duty cables is highly desirable and recommended. 
 
5.4. Scale up of the electrochemical cell 
A great number of brilliant ideas and inventions have been accumulated by 
humankind since ancient times. Regrettably, a large share of them lay unused for ages 
without any industrial realization. And the main reason for that is that scaling up of a 
chemical/biochemical process is extremely challenging enterprise. Very often the very 
term “scale up” is defined as “how to design a pilot or industrial reactor able to replicate 
through a standard methodology the results obtained in the laboratory” (Donati & 
Paludetto, 1997). However, experience has shown that there is no standard way through 
process innovation. In most cases it is the synthesis of the know-how accumulated in 
various areas of process development ranging from the design of laboratory experiments 
to fluid dynamics experiments, mathematical modeling, and design and operation of pilot 
plants. 
The purpose of scaling up the electrochemical cell used in the BioGenerator was 
two-fold: firstly, to increase power of the electrochemical stack and show its commercial 
viability; and secondly, to find out if the scale-up follows a linear scaling law. 
Despite the fact that the most efficient design of the electrochemical cell was 
found to be the one with the flow-through cathode, it was not chosen for further scaling 
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up, mainly due to the operating challenges (see Chapter 7 for more details). The smallest 
bench-scale electrochemical cell (4×4 cm working area) had a single channel serpentine 
flow pattern as shown in Figure 3.5a and used the gas diffusion electrode ELAT LT 
250EWSI as the anode. As can be seen in Figure 5.10, this kind of cell design allowed to 
obtain a maximum current density and maximum power of ~380 mA cm-2 and ~1.62 W, 
respectively. An occurrence of the maximum on the power curve indicates that in the 
range of higher current densities (over 285 mA cm-2) the cell experiences concentration 
polarization. In order to find out a scaling law the same catholyte flow pattern with larger 
geometrical dimensions (20×20 cm working area) was built. Two stacks of five and six 
single cells were assembled with the gas diffusion electrodes ELAT LT 120E-W and 
ELAT LT 250EWSI, respectively. As can be seen in Figure 5.11, trends of the power and 
cell voltage curves are similar for both stacks. However, the stack of six single cells 
exhibits significantly better performance in comparison with that of the five cells stack.  
Such behavior can be justified by the fact that the gas diffusion electrode ELAT 
LT 250EWSI has a higher hydrophobicity than ELAT LT 120E-W and therefore is less 
prone to the anode flooding, which may considerably hinder the hydrogen mass transfer 
to and within the electrode. Unfortunately, during the tests of electrochemical stacks we 
were unable to reach the current density at which concentration polarization comes into 
play, because the DC electronic load used during the testing had a maximum operating 
current of 60 A. Nonetheless, comparison of the cell voltages for the 4×4 cm and 20×20 
cm shows that a larger cell performs significantly worse (Figs. 5.10, 5.11). In particular, 
the cell voltage of the 4×4 cm cell at 100 mA cm-2 is 600 mV, whereas the 20×20 cell 
allows to obtain ~570 mV at the same current density. It was an expected result, because 
as was discussed in Section 5.2, the catholyte flow pattern and operating regime of the 
cell has a significant impact on the electrochemical cell performance. In order to improve 
the performance a different design of the flow distribution plates – parallel channel 
serpentine (Fig. 3.5b) – was used for the next stage of the scale-up. The tests of the 
improved plate design showed (Fig. 5.12) that the change of a catholyte flow pattern 
increases the cell voltage by ~50 mV as compared to the single channel serpentine 
design. It allows to address the issue of a concentration gradient within the channel and  
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Figure 5.10. Performance of the 4×4 cm single cell FC with single channel serpentine 
flow pattern 
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Figure 5.11. Performance of the five and six cells lab-scale stacks (20×20 cm) with a 
single channel flow pattern 
Five cells stack: anode - ELAT LT 120E-W, cathode – activated graphite felt; 
Six cells stack: anode - ELAT LT 250EWSI, cathode – activated graphite felt 
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Figure 5.12. Comparison of the performance of lab-scale and semi-pilot-scale fuel 
cell stacks 
Lab-scale - 20×20 cm plate, single channel serpentine flow pattern 
Semi-pilot-scale - 20×20 cm plate, 13 parallel channels serpentine flow pattern 
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obtain the cell voltage even higher (~630 mV at 100 mA cm-2) than that of the 4×4 cm 
single cell. Regrettably, despite the fact that a more powerful electronic load (maximum 
current of 120 A) was used during the tests of the semi-pilot-scale electrochemical stack, 
it does not allow to achieve/measure its maximum power. 
Changing the plate design from single channel serpentine to parallel channel 
serpentine distribution (Fig. 3.5b) posed some technical challenges. In order to ensure an 
even and unrestricted supply of the catholyte into every channel, a wide (main) channel 
was made at the beginning and end of the channels, and a specially designed “bridge” put 
over it (Fig. 3.6). Such plate design allowed to create a very good seal between anodic 
and cathodic sides of the single cell as well as to avoid blockage of the channels due to 
sagging of an ion exchange membrane during the stack operation. 
The data collected during the experiments on testing single cells and stack of 
various sizes and designs were used as a guide line for a design of improved flow 
distribution plates of electrochemical stacks for a large-scale pilot BioGenerator. 
Drawings of the offered design are presented in Appendix B. 
 
5.5. Summary of Chapter 5 
As a result of numerous experiments and analysis of a vast array of data 
collected, an appropriate design of the flow distribution plates to be used in the 
BioGenerator was chosen. An electrochemical cell was successfully scaled up from 4×4 
cm to 20×20 cm. Stackability of single cells was proven, and allowed to increase total 
attainable power to 271 W (per stack). The effect of various parameters and operating 
regimes on the performance of the Fe3+/H2 electrochemical cell was studied. It was 
shown that the catholyte flow pattern plays a crucial role in the cell performance and, 
therefore, a very scrupulous approach is required to a bipolar plate design.  
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CHAPTER 6. Scale-up of the bioreactor 
The main objective of the scale-up of bioreactors is to reproduce the 
performance of microorganisms, observed on a small laboratory scale, in a larger scale 
reactor. The traditional approach is usually based on the principles of similarity. 
However, one should not forget that complete similarity is not possible, and, therefore, 
different scale-up strategies and criteria are used during a scale-up process (Ju & Chase, 
1992; Diaz & Acevedo, 1999; Garcia-Ochoa & Gomez, 2009; Delvigne et al., 2010). The 
most common amongst them are geometrical similarity, mixing, circulation or residence 
time, specific power input and Reynolds number (Santek et al., 2004; Garcia-Ocha & 
Gomez, 2009). However, as it was already mentioned, there is no universal approach to a 
scale-up of any process, and the choice of an appropriate scale-up criterion is heavily 
dependent on the nature of a bioprocess and type of the reactor (Chisti & Moo-Young, 
1993; Gavrilescu & Tudose, 1998; Kilonzo et al., 2007). In practice, a combination of 
different criteria, which considered to be having a greatest impact on the process, is used, 
and, in rare cases, the trial and error method should also be included. 
Hence, the purpose of this chapter is to design three airlift bioreactors of 
different scale (1.4, 400 and 600 L) and study the effect of the scale-up on the 
performance of the microorganisms.  
 
6.1. Bioreactor scale-up 
In order to satisfy the needs of the BioGenerator electrochemical cell, and 
ultimately ensure its stable operation, the bioreactor has to be able to produce reliably a 
large amount of ferric iron, which serves as an oxidant in the Fe3+/H2 electrochemical 
cell. Therefore, the main goal of the scale up procedure was to maximize the productivity 
of the bioreactor, while trying to keep a bioreactor footprint reasonably small. It is a well-
established fact that the performance of L. ferriphilum microorganism, which is a 
predominant species in our system, is directly proportional to the amount of oxygen 
supplied into the growth medium. Taking into account these considerations, a 
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combination of geometric similarity and oxygen mass transfer were taken as major scale-
up criteria. 
 
6.1.1. Bench-scale bioreactor 
An original version of the bench-scale bioreactor (Fig. 3.1) had a cylindrical 
shape and a semi-permeable polyurethane foam baffle separating the aerated and non-
aerated sections of the reactor (see Section 3.1.2.1). The clearance between the baffle 
bottom and the reactor bottom as well as between the top of the baffle and the liquid level 
were maintained 5 cm. The purpose of the baffle in the bioreactor was manifold: firstly, it 
served its primarily role as a separator between the two sections; secondly, it was a good 
support for the microorganisms to immobilize on; and, finally, it allowed to increase a 
residence time of small air bubbles within the porous foam structure, resulting in an 
improved oxygen mass transfer. This design allowed for a good liquid circulation in the 
bioreactor and resulted in the maximum iron oxidation rate of 1.75 gFe3+ L-1 h-1 at an 
aeration rate of 1 vvm. It is a significantly lower value than that reported by Svirko et al. 
(2009). The advantage of this bioreactor design though consists in a reliable long-term 
operation (over 3 years) without considerable clogging of the microbial support or a drop 
of iron oxidation rate, which were a great challenge in the case of other reactor designs 
and bacterial support materials (Svirko et al., 2009). 
 
6.1.2. Lab-scale bioreactor 
Airlift bioreactors are well-known for their ability to have high mass transfer and 
low shear stress at low power inputs due to their unique hydrodynamic characteristics, 
which makes them a very attractive tool often used in biotechnological processes. 
However, scaling up an airlift bioreactor is an immensely difficult task, because this type 
of reactor can be described neither by continuous stirred tank (CSTR) nor plug-flow 
(PFR) design equations (Znad et al., 2004). 
The typical scale up ratio for biotechnological processes is usually considered to 
be 1:10, and, of course, lower ratios are very desirable and allow to diminish the risks 
associated with the scale-up. In our case, the higher risk was taken when transferring 
from 1.4 L to 400 L reactor. In order to keep the scale up ratio relatively low, the entire 
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bioreactor was divided into four equal compartments (Fig. 3.2, Section 3.1.2.2), so the 
“apparent” scale up ratio was ~ 1:70. Similarly to the bench-scale reactor, each of the 
compartments of the second generation of a bioreactor was divided into aerated and non-
aerated sections. However, nonpermeable Plexiglas baffles with the clearance of 10 cm at 
the top and bottom were installed, and the non-aerated compartments were loaded with 
scrubber packing (Table 6), which served as a microbial support. The lab-scale bioreactor 
of this design and geometry was capable of achieving the maximum iron oxidation rate of 
1.42 gFe3+ L-1 h-1 at the same degree of aeration (1 vvm). Although, the performance of 
this bioreactor was somewhat worse than that of a bench-scale, it was not unexpected, 
specifically because a very untypical scale up “leap” was made. Overall, the scale up 
approach used was considered a success because, eventually, it allowed to tremendously 
increase the amount of the oxidant, i.e. ferric iron, needed for the operation of the 
BioGenerator. 
Prolonged operation of the bioreactor at the favourable conditions for microbial 
growth and proliferation showed that liquid circulation reduces over time, mainly due to 
the formation of mineral deposits on the bottom of the reservoir and gradual clogging of 
the voids in the bottom portion of scrubber packing. Apart from that, partial clogging of 
perforated rubber spargers was also observed. These findings were used to make 
necessary changes in the design of a bioreactor of the next generation. 
 
6.1.3. Semi-pilot-scale bioreactor 
The further scale up step was taken more carefully, and the bioreactor (semi-
pilot-scale) was scaled up with the ratio of 1:1.5. The results of testing of the lab-scale 
bioreactor were taken into consideration during the design of the 600 L bioreactor (Fig. 
3.3, Section 3.1.2.3). Similarly to the lab-scale bioreactor, it was divided into five 
separate compartments. However, the height of each consecutive separation baffle was 
lower than the previous one, so the effect of a cascade of reactors was achieved. This 
change in a design allowed to considerably increase conversion in the reactor, i.e. obtain 
a higher concentration of the ferric iron in the bioreactor outlet, which is very desirable 
from the standpoint of electrochemical stack operation (see Section 5.2). 
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It was previously shown that the type of material used as microbial support has 
an impact on the biological ferric iron generation by iron oxidizing bacteria (van der 
Meer et al., 2007; Svirko et al., 2009) and their ability to attached to the support surface 
(Ghauri et al., 2007; Ginsburg & Karamanev, 2007; Ginsburg et al., 2009). For this 
reason, 2.5 cm polypropylene glass-filled Tri-pack spheres (Table 3.6) – a silica 
containing material possessing a higher surface area – were used as microbial support. 
Unlike the reactor of previous generation, the microbial support was loaded onto a 
stainless steel grill installed 5 cm off the bottom. This change allowed to ensure that the 
liquid circulation does not get hindered over time. In addition to that, Teflon spargers 
were installed in order to avoid clogging during operation. Teflon was chosen, because it 
has an excellent chemical stability and the least favourable material for the 
microorganisms to immobilize on. These changes in the design of the bioreactor resulted 
in better performance and slightly higher iron oxidation rate (1.48 gFe3+ L-1 h-1) in 
comparison with that achieved in the lab-scale bioreactor. 
 
6.2. Bioreactor microbial kinetics 
The kinetics of iron oxidizing microorganisms, and Leptospirillum ferriphilum 
in particular, has been quite extensively studied by many researchers (Ojumu & Petersen, 
2009; Svirko et al., 2009; Penev, 2010; Moreno-Paz et al., 2010; Gahan et al., 2010; Gu 
et al., 2010; Xia et al., 2010; Ojumu & Petersen, 2011; Hu et al., 2012; Patel et al., 
2012). Therefore, the kinetic study of the microorganisms in small scale bioreactors was 
outside the scope of this work, and studying different aspects of the microbial 
performance at varying cultivation conditions is the main purpose of this Chapter. 
 
6.2.1. Kinetics of iron oxidation in the lab-scale bioreactor 
Ferrous iron oxidation in the bioreactor is the parameter of a paramount 
importance in terms of the BioGenerator operation. Therefore, several experiments were 
carried out to study microbial and substrate kinetics in a batch mode. 
The lab-scale bioreactor was started with the concentration of ferrous iron of 30 
gFe2+ L-1, concentration of microorganisms ~108 cells mL-1 and pH 0.57. Figure 6.1  
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Figure 6.1. Kinetics of the ferrous iron oxidation by L. ferriphilum in the lab-scale 
bioreactor (400 L) in a batch mode at 40oC 
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shows that bacteria immediately start oxidizing and as time progresses, the concentration 
of ferrous iron gradually increases with almost constant rate of ~0.35 gFe2+ L-1 h-1 until it 
reaches zero in about 85 hours. This value is way lower than the maximum oxidation rate 
~ 1.42 gFe2+ L-1 h-1 for this type of reactor. However, one should not forget that the latter 
value was obtained under optimal growth conditions for L. ferriphilum, i.e. pH~1.0-1.2. 
pH of the medium linearly increases from 0.57 up to ~0.86 and then slightly slows down 
reaching its maximum of 0.89 in 95 hours. Such high acidity of the growth medium was 
chosen deliberately, in order to test the performance of microorganisms at conditions 
favourable in terms of the BioGenerator operation. It is important to note that the 
concentration of ferrous iron (or more precisely the ratio between ferrous and ferric iron) 
has a strong relation to the pH of the medium. 
The changes in microbial population (Fig. 6.2) during batch operation were 
studied in the semi-pilot-scale bioreactor. The growth medium contained 39 gFe2+ L-1 at 
pH = 0.92, and the bacterial concentration was ~108 cells mL-1 when the bioreactor was 
started. As can be seen in the figure, the concentration of microorganisms steadily 
increases over time and reaches ~9·108 cells mL-1 after 380 hours. At the same time, pH 
of the medium changed just slightly, from 0.92 to 1.06 within the same time span. 
Changes in the redox potential of the growth medium were monitored in a 
separate experiment in the semi-pilot-scale bioreactor operating in a batch regime (Fig. 
6.3). The figure shows when the concentration of ferrous iron in the reactor drops, and 
the ratio between ferrous and ferric ions decreases, the redox potential starts to increase 
according to the Nernst equation {5.1}. It is a clear indication of the need to have as high 
redox potential of the bioreactor liquid, i.e. catholyte, as possible to achieve a good 
performance of the electrochemical cell (Section 5.1). 
 
6.2.2. Resilience of L. ferriphilum dominated culture 
A special experiment was designed to test the resilience of L. ferriphilum 
dominated culture used in the bioreactor. After operating the semi-pilot-scale bioreactor 
for about two months the supply of feed was stopped and only the aeration (0.8 vvm) was 
kept on. At certain times samples of the bioreactor liquid were taken from the reactor, 
added into the modified 9K growth medium and kept in a shaker at 40oC.   
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Figure 6.2. Microbial cells dynamics in the semi-pilot-scale bioreactor (600 L) in a 
batch mode at 40oC 
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Figure 6.3. Change of the redox potential of the semi-pilot-scale bioreactor (600 L) 
during batch mode operation 
SHE – standard hydrogen electrode  
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Figure 6.4. Effect of starvation on the iron oxidation by L. ferriphilum and a lag-
phase in a batch bioreactor after resuming feeding 
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Figure 6.4 shows the dependence of the microorganisms performance and 
recuperation time on the duration of a starvation period. After one month of being 
starved, the bacteria were able to resume their performance only after ~20 hours, showing 
only slightly lower oxidation rate (~1.39 gFe2+ L-1 h-1) in comparison with the initial 
~1.48 gFe2+ L-1 h-1. It is absolutely remarkable that even after almost five months without 
being fed L. ferriphilum was able not only to survive, but even start oxidizing ferrous iron 
in ~5.5 days after being placed in the growth medium. Such an extraordinary resilience of 
microbial culture is a perfect match for the BioGenerator system, because it is meant to 
be used for smoothing power generated by wind turbines or solar panels, which are 
intermittent sources by their very nature.  
 
6.3. Oxygen mass transfer 
Most industrial biotechnological processes are aerobic, which means oxygen 
serves as an important nutrient for microorganisms and plays an essential role in their 
metabolism. Scarcity of oxygen can significantly affect the performance of technological 
process. Hence, it is of a great importance to ensure an adequate supply of oxygen from 
an air stream to the growth medium. 
Since the consortium of microorganisms, i.e. Leptospirillum ferriphilum and 
Ferroplasma acidiphilum, used in our electro-biotechnological process for the catholyte 
regeneration are also aerobic organisms, and their performance is directly related to the 
oxygen mass transfer in the bioreactor. Therefore, the volumetric oxygen mass transfer 
coefficient was determined in the bioreactor by the technique described in Section 3.4.3. 
A small model bioreactor used in this study was a scaled down version of the one 
compartment of the semi-pilot-scale bioreactor. The scaling ratio was 2.5:1 for all the 
dimensions, except for the compartment/bioreactor width, which was scaled down as 
8.5:1 to reduce the total volume. Figure 6.5 shows the dependence of kLa in the semi-
pilot-scale and small model bioreactor on aeration. In the region of low aeration rates (up 
to ~0.25 vvm) oxygen mass transfer seems to be unaffected by both the bioreactor design 
and scale. However, starting from ~0.3 vvm aeration, the semi-pilot-scale bioreactor  
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Figure 6.5. Volumetric oxygen mass transfer coefficient (kLa) in the semi-pilot-scale 
bioreactor (600 L) and the model bioreactor (2 L) 
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shows better oxygen mass transfer within the entire range of studied aeration rates and 
reaches ~63 h-1 at 0.67 vvm. This is a very good result, because the model bioreactor 
gives a lower value (~58 h-1) at even higher aeration rate. Such behavior, most likely, can 
be explained by different height of the reactors. Apparently, a taller column of the 
bioreactor accounts for an increased residence time of the bubbles, since they have to 
travel a longer distance before escaping the bioreactor liquid. Apart from that, as shown 
in Fig. 3.3, the liquid is returned into the aerated section, which creates a countercurrent 
and helps retain the bubbles in the liquid. Thanks to the cascade-like arrangement of the 
compartments the same effect takes place in every consecutive compartment of the 
bioreactor. The volumetric oxygen mass transfer coefficient determined, ~ 62 h-1, is way 
higher than that reported by Kilonzo et al. (2012) at the same superficial gas velocity 
(~0.016 m s-1) for an airlift reactor with the same clearances between the baffle and the 
top and bottom of the reactor. It is a very good indication that the scale-up approach was 
chosen correctly. 
 
6.4. Microorganisms identification 
The original mixed culture of iron oxidizing microorganisms was taken from 
several sources, such as acid mine drainage of Iron Mountain (California, USA) and 
natural streams at Rio Tinto (Spain), and then cultivated in the laboratory settings before 
being used in the BioGenerator. The bacterial consortium was shaped by a process of 
natural selection during the cultivation in a tubular airlift bioreactor described in Section 
3.1.2.1 under extremely harsh conditions (pH ranging from 1.0 to 0.45). 
A DGGE analysis (see Section 3.4.6) was used for the characterization of the 
microorganisms. As can be seen in Figure 6.6, the composition of microbial consortia in 
the recently started bioreactor and the one operated for a prolonged period of time is 
slightly different. The results for older bioreactor showed not only presence of iron 
oxidizing microorganisms, but also red alga Cyanidium caldarium, which is one of the 
rare algae that can live in acidic and high temperature environments. It is an acidophilic 
unicellular alga and can grow in darkness using a variety of organic compounds and, 
aminoacids in particular, as a sole carbon and energy source (Rigano et al., 1977). Taking  
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Figure 6.6. DGGE image of the samples taken from the recently started bioreactor 
(A) and the bioreactor operating for over 3 years (B).  
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into the account these facts, its presence in the older bioreactor is totally justified, 
because apparently some organic matter (products of decomposition of dead iron 
oxidizing bacteria) was accumulated during prolonged operation of the bioreactor. 
However, the appearance of the several clear bands in both cases points out the 
dominance of L. ferriphilum species in the bacterial community. Apart from that, a 
comparison of the results for samples of the bioreactor liquid with ones of the liquid 
obtained after washing the microbial support revealed another interesting fact. The 
bioreactor liquid contained mainly L. ferriphilum, whereas the sample of the bacteria 
washed off the support was predominantly F. acidiphilum. 
 
6.5. Biomass toxicology testing6 
Since the single cell protein (biomass) accumulated in the bioreactor during the 
BioGenerator operation has a potential to be used as an animal feed its toxicological 
effects needs to be known. In this work, preliminary toxicology testing of the biomass 
was performed using the zebrafish, Danio rerio. The zebrafish was chosen as a model 
system due to a combination of its excellent embryology and strong biological similarity 
to humans. In particular, the zebrafish genome is 1.7 gigabases in size, which is over a 
half of that of mammals, such as humans and mice (Nusslein-Volhard et al., 2002). The 
major advantages of the zebrafish, which make it an ideal model organism, are simplicity 
of fertilization, and transparent and rapidly developing embryos. This unique feature 
allows to observe all stages of the organs development, because it takes just 5 days for 
the embryo to develop in a fully grown fish. 
Prior to the experiment the biomass was pretreated as described in Section 3.6.2. 
Right after the embryo fertilization it was treated with the biomass working solution. 
There was no unusual development indicated up to a 3 hour mark. At 3.3 hours after 
fertilization an unusual precipitate formation in yolk was observed (Fig. 6.7b). However, 
further development was unaltered and the embryos hatched at the same rate as untreated 
controls (Fig. 6.7a). Subsequent experiments have led to the same result and shown that 
the biomass did not perturb further development of the embryos. Thus, it is obvious that 
                                                          
6
 This testing was conducted in collabotaion with Dr. G. Kelly from the Biology Department (UWO) 
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the harvested biomass has some effect on a way of the zebrafish development, but, in 
general, it seems to be non-toxic to the zebrafish embryos. Further and more detailed 
study of this unusual behavior as well as tests using other toxicology methods needs to be 
conducted to make sure that the harvested single cell protein is safe to be used in an 
animal feed. 
 
6.6. Summary of Chapter 6 
As a result of the experiments conducted, three different designs of the 
bioreactor were developed and successfully scaled up from 1.4 L to 600 L liquid volume. 
An increase in the bioreactor size does have a significant effect on the throughput. 
Although, the iron biooxidation rate in the semi-pilot bioreactor (~1.48 gFe2+ L-1 h-1) was 
found to be lower than that in the bench-scale bioreactor (~ 1.75 gFe2+ L-1 h-1), it is still 
slightly higher than the one obtained in the lab-scale bioreactor (~ 1.42 gFe2+ L-1 h-1). 
It was also shown that the large-scale bioreactor (600 L), thanks to its unique 
design, allows to obtain very good oxygen mass transfer, and kLa ~62 h-1, which is 
somewhat better than that in the small-scale reactor. 
Toxicology testing of the biomass collected from the bioreactor showed that the 
exposure of zebrafish embryos to the protein from the biomass during their development 
has a slight effect on the pathway, but does not result in further perturbance of the 
embryos. Thus, the single cell protein harvested from the bioreactor can potentially be 
uses as nutritious animal feed. 
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CHAPTER 7. Scale-up of the BioGenerator 
Scaling up any unit of a chemical or biotechnological process is a very difficult 
task per se. When it comes to microbial fuel cells – it is almost unheard of, and most 
studies to the date are performed on bench-top-scale systems, ranging from 20 mL to 
maximum 20 L (ter Heijne, 2010; Logan, 2010).  
Since the BioGenerator system consists of two major components – Bioreactor 
and Electrochemical Stack – its scale-up faces a totally different level of complexity. In 
order to achieve the desired result, these components should work in unison and satisfy 
one another’s operating requirements. Hence, the main purpose of this Chapter is to scale 
up the BioGenerator from the bench- to semi-pilot-scale relying on the experimental 
results for the individual components (see Chapter 5 and 6). 
 
7.1. Bench-scale BioGenerator 
Originally the bench-scale BioGenerator was started as a system of the 4×4 cm 
single cell with the flow-through cathode and the bench-scale bioreactor (see Section 
6.1.1). This flow distribution design was chosen because it exhibited the best 
performance amongst other catholyte flow patterns in the preliminary tests of the Fe3+/H2 
electrochemical cell (see Section 5.2). However, not long after commencing the 
experiment, the BioGenerator performance (cell voltage and current) started to worsen 
and significantly dropped just after a week of operation. That was mainly caused by the 
hindered mass transfer within the cathode due to its clogging by microorganisms. 
Basically, the cathode served as a filtration element, and the voids between fibres in the 
graphite felt got filled with biomass from the bioreactor very quickly. In addition to that, 
operation of the electrochemical cell with the flow-through pattern required significantly 
higher pressures (up to 200 kPa). These undesirable developments forced us to switch to 
the less efficient flow distribution design, i.e. serpentine channels (Fig. 3.5a). 
Unfortunately, the change in a catholyte flow pattern resulted in an almost four-fold 
reduction of the power output of the electrochemical cell (Fig. 7.1). As it was mentioned 
in Section 5.2, the redox potential of the catholyte has a significant impact on the cell 
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Figure 7.1. Comparison of the performance of the 4×4 single cell with flow-through 
and serpentine catholyte flow pattern at 22oC (pH ~0.8). 
Anode - ELAT LT 250EWSI, cathode – activated graphite felt 
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performance. Therefore, it was decided to put in the second bioreactor to create a 
“cascade of reactors” effect and boost the redox potential of the bioreactor liquid by 
increasing conversion. By doing this, the total volume of the reactor was also increased to 
2.1 L. 
 
7.1.1. Long-term test of the bench-scale BioGenerator 
The BioGenerator of this configuration (see Section 3.1.4.1) operated for over 3 
years with only a few short-time stops for maintenance and change of the electrodes. As 
can be seen in Figure 7.2, initially the current drawn from the system was set at higher 
levels (1.0-1.4 A), because a fresh anode was less prone to flooding. However, high 
currents resulted in a significant (sudden) increase in the concentration of ferrous iron 
and, consequently, in lowering the redox potential and pH of the bioreactor liquid. Since 
such changes do not facilitate reliable operation of the BioGenerator, it was decided in 
later stages of the operation to run the system at lower current loads to keep the cell 
voltage around 0.4-0.5 V. To remove any water accumulated in the channels of the 
anodic chamber the electrochemical cell was purged with hydrogen on a regular basis 
(once a week). Apart from that, once in two weeks the anode was dried by blowing dry 
compressed air for about 2 hours. The current and voltage profile in Figure 7.2 look like a 
picket fence, because after every purging/drying cycle the performance of the cell was 
slightly improved. Horizontal dashed line in the figure represent top (after purging or 
anode replacement) and bottom (right before “revitalization” procedures) limits of the 
cell performance. Regrettably, the gas diffusion electrode (ELAT LT 120E-W) used as 
the anode did not possess high hydrophobicity that did not allow using the same electrode 
over the entire experiment. Therefore, it had to be replaced twice a year during the 
testing. Overall, this experiment proved feasibility of this electro-biotechnology and 
showed ability of the BioGenerator to operate over prolonged periods of time. 
 
7.2. Scale-up study of the lab-scale BioGenerator 
In the next generation BioGenerator (see Section 3.1.4.2) the lab-scale 
bioreactor was providing the continuous supply of the catholyte to the lab-scale 
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electrochemical stack consisting of five single cells. Each cell was fed individually by 
means of transparent PVC tubing in order to be able to visually monitor the liquid 
flow as well as appearance of hydrogen bubbles in the stream. It was known from the 
testing results of the bench-scale BioGenerator that a significant amount of water passes 
through the ion exchange membrane during operation. In order to create some resistance 
hydrogen pressure of ~ 20kPa was maintained in the anodic chamber of the 
electrochemical cells. While being useful in terms of water management strategy, it also 
created a heightened risk of hydrogen leak into the bioreactor liquid. In addition, unlike 
conventional PEM fuel cells, where higher hydrogen pressure results in better 
performance of the cell (Sreenivasulu et al., 2013), in virtue of the BioGenerator 
electrochemical cell design (mechanical contact between the cell components) a precise 
control of the hydrogen pressure was required in order to avoid extra internal (contact) 
resistance caused by excessive hydrogen pressure. 
Before staring the test of the BioGenerator, the bioreactor was started in a batch 
mode. Once 100% iron oxidation was reached the bioreactor was connected to the 
electrochemical stack. Figure 7.2 shows the results of long-term testing of the 
BioGenerator. At the beginning of the experiment, a current load was set at 35 A and kept 
at this level for a day. Since the concentration of ferrous iron was still almost zero, the 
current load was raised to 40 A in order to generate some substrate for the 
microorganisms. The stack voltage was gradually dropping since the onset of the testing 
and went down to ~0.25 V (in about 5 days). Despite the fact that the chambers for 
dissolved oxygen depletion (see Section 3.1.4.2) were installed before the 
electrochemical stack, the mass transfer in the cathodic compartment was significantly 
hindered by immobilization and growth of the microorganisms on the graphite felt 
cathodes. At that point the anodic chambers of the stack were purged with hydrogen, and 
the cathodic side was washed with a dilute H2SO4 solution (~5%). After purging/washing 
the stack was set to operate in a short-circuit mode. Unfortunately, the electrochemical 
stack could not hold the set current and it started going down. When it reached 38.5 A, 
the “rejuvenation” procedure was repeated. The stack performance was restored, but, 
unfortunately, it was a very short-lived effect, and both the current and voltage kept 
dropping. In five days the washing procedure was repeated again, which restored  
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Figure 7.2. Long-term testing of the bench-scale BioGenerator 
a) Cell voltage variations, b) cell current variations 
Anode - ELAT LT 120E-W, cathode – activated graphite felt  
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Figure 7.3. Long-term testing of the lab-scale BioGenerator 
Anode - ELAT LT 120E-W, cathode – activated graphite felt   
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performance to almost original levels, however only for a few hours. After 17 days of 
operation, when the stack voltage and current dropped to 0.17 V and 29.26 A, 
respectively, the system was stopped and the stack disassembled. 
Despite the fact that the lab-scale BioGenerator was unable to operate for a very 
long time, the results obtained were extremely useful in terms of further design 
improvement. 
 
7.3. Semi-pilot-scale BioGenerator 
The semi-pilot-scale BioGenerator (see Section 3.1.4.3) is an advanced version 
of the BioGenerator, because it was designed to be able to address the issues encountered 
during the tests of the smaller systems. In particular, the multi-compartmental bioreactor, 
simulating a cascade of reactors, was built to address the issue of low conversion, and to 
increase a redox potential of the catholyte. The very last compartment also served as an 
oxygen depletion chamber to avoid the microbial growth on the cathodes. The catholyte 
flow pattern was also changed from single channel to parallel channel serpentine in order 
to reduce effect of concentration polarization. In addition to that, the more hydrophobic 
gas diffusion electrodes ELAT LT 250EWSI (BASF, Fuel Cell Inc., Somerset, NJ, USA) 
were used to improve the water management in the system. 
 
7.3.1. Long-term test of the semi-pilot-scale BioGenerator 
The results of long-term testing of the semi-pilot-scale BioGenerator are 
presented in Figure 7.4. At the onset of the experiment (for the first 5 days) a current load 
of the electrochemical stack was relatively high, and then was adjusted to lower level (65 
mA cm-2) to avoid accumulation of an excessive amount of ferrous iron in the bioreactor 
solution. For two weeks the cell voltage remained in the range between 615-620 mV and 
then started gradually decreasing. When it reached 520 mV, the voltage started improving 
and in 19 days reached its original value (~650 mV). The current density was increased to 
50 mA cm-2 and then 55 mA cm-2, and switched back and forth a few times in an attempt 
to generate enough ferrous iron for the microorganisms to grow, but at the same time not 
to shift the system in the low pH region of unstable operation (several   
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Figure 7.4. Long-term testing of the semi-pilot-scale BioGenerator 
Anode - ELAT LT 250EWSI, cathode – activated graphite felt   
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scenarios of operation are considered in Section 8.2). Unfortunately, after ~100 days of 
continuous operation the BioGenerator had to be stopped (for 2 weeks) due to an 
interruption in the hydrogen supply. When the hydrogen supply was restored and the 
BioGenerator was restarted at the current density of 37.5 mA cm-2, the cell performance 
was resumed to the level as before the interruption (Ucell ~0.60 V). After that the voltage 
was dwindling until it reached ~0.25 V and the BioGenerator was stopped. 
The results of this prolonged test pointed out once again that the BioGenerator 
requires a very delicate and balanced approach to the choice of initial and operating 
parameters to ensure that the two components of system – bioreactor and electrochemical 
stack - run smoothly and do not shift to the regions of unstable operation. 
 
7.3.2. Microbial dynamics in the bioreactor during the BioGenerator operation 
The performance of any bioreactor is dependent on the population of 
microorganisms in it. In order to find out how the concentration of microorganisms 
changes over time, a few samples of the bioreactor liquid were taken and bacteria were 
counted as described in Section 3.4.1. The results obtained show (Figure 7.5) that the 
microbial concentration is steadily growing. The growth rate seems to be a bit slower 
than that in the lab-scale bioreactor. However, we believe that it can be justified by the 
fact that the more efficient filter (see Section 3.1.4.3) was installed in the semi-pilot-scale 
BioGenerator, and some of the microorganisms were removed from the bioreactor. Apart 
from that a bigger share of bacteria was immobilized on the improved microbial support, 
used in the lab-scale bioreactor, hence leaving fewer free-suspended microorganisms in 
the solution. In the course of time pH of the medium slightly varied within the range of 
0.95-1.05, likely due to some changes in the ratio between ferrous and ferric ion 
concentrations. 
 
7.3.3. Effect of operating parameters on performance of the semi-pilot-scale 
BioGenerator 
As it was considered in Section 5.2, operating conditions have a significant 
impact on the performance of electrochemical cell. This influence becomes even more 
prominent, when it comes to larger scales, i.e. electrochemical stacks. Figure 7.6 shows  
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Figure 7.5. Microbial dynamics in the bioreactor during the lab-scale BioGenerator 
operation. 
Ferrous iron concentration was maintained within the range of 0.3-3.5 g L-1 
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Figure 7.6. Performance of the 20×20 cm stack of five single cells (parallel 
serpentine flow pattern) at different catholyte flow rates 
Anode - ELAT LT 250EWSI, cathode – activated graphite felt; 
operating temperature was 40oC  
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how the change in the catholyte flow rate affects performance of the semi-pilot-scale 
electrochemical stack. As can be seen, raising the pumping rate from 5.0 to 7.8 L min-1 
results in an increase in the short-circuit current and voltage of the stack by 5 A and  
6 mV, respectively. 
 
7.3.4. Water management in the semi-pilot-scale BioGenerator 
It is a well-known fact that good performance of the electrodes in an 
electrochemical cell ensures its efficient operation. Based on our previous experience as 
well as a great deal of information available in the literature, the mass transfer of 
electrochemically active species to, from and within the electrode plays a crucial role in 
achieving it (Cao et al., 2011; Cao et al., 2011a; Delanghe et al., 1990; Nava et al., 2009; 
Vatistas et al., 1991; Zhong et al., 1993). While the cathode performance in the Fe3+/H2 
electrochemical cell is mainly dependent on mobility of the species and can be improved 
by changing the operating regime, the anode, i.e. gas diffusion electrode, performance 
suffers from flooding during the operation. An accumulation of water in the anodic 
chamber of the cell significantly hinders the hydrogen transfer to the catalyst active sites 
and, as a result, decreases the cell performance overall. Hence, an efficient water 
management strategy can prolong its satisfactory operation. The amount of water passing 
through the membrane during the BioGenerator operation is presented in Figure 7.7. As 
can be seen, the water flux increases linearly over time. Such behaviour agrees very well 
with the back pressure profile (Fig. 7.8) in the electrochemical stack. Within the first four 
weeks of operation, the pressure increased linearly and then more slowly. We believe that 
on the initial stages it can be explained by clogging the graphite felt cathode by 
microorganisms (due to filtration) as it was somewhat pressed into the channels of the 
bipolar plate (Fig. 5.7) and changing hydrodynamics therein. However, a more significant 
pressure change later in the experiment is likely caused by deterioration of the 
electrochemical stack components. 
 
7.3.5. Electrochemical stack deterioration in the BioGenerator 
After stopping the BioGenerator long-term testing, the electrochemical stack 
was disassembled and thoroughly examined to find possible causes of its not very long  
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Figure 7.7. Water transfer in the 20×20 cm stack of five single cells (parallel 
serpentine flow pattern) at 50 A current load during the BioGenerator 
operation 
Anode - ELAT LT 250EWSI, cathode – activated graphite felt   
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Figure 7.8. Change of the backpressure in the stack of five 20×20 cm single cells 
during the semi-pilot-scale BioGenerator operation at the catholyte flow 
rate of 5 L min-1 
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Figure 7.9. Corrosion of the bipolar plates 
in the electrochemical
a – pristine, b –
d – after 0, 0.5, 1.0, 1.5 and 2 month on operation, respectively (top to bottom)
e – Teflon bridge
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 stack during the BioGenerator operation.
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operation. A major finding was a considerable corrosion of the graphite composite 
bipolar plates and so-called “bridges”. As can be seen in the Figure 7.9, a noticeable 
deterioration of the bipolar plate is observed after 1.5 months of operation and it gets 
worse in the course of time (Fig. 7.9a-c). However, the most surprising finding is that the 
stainless steel bridge was half-dissolved after 1.5 months, and almost completely 
disappeared after 2 months of operation (Fig. 7.9d). Now it is obvious that significant 
back pressure in the stack was caused by blockage of the flow distribution channels. 
When the stainless steel bridge started to dissolve, the gasket, used to seal the anodic and 
cathodic compartments, started to sag into the channels, and as the electrochemical 
corrosion progressed, the restriction to the catholyte flow also increased. To address the 
issue of the bridge corrosion, it was suggested to use more chemically resistant materials, 
such as Teflon and titanium. Despite its superb chemical resistance Teflon was not the 
material of choice because of its softness (Fig. 7.9e). When installed in the bipolar plate 
the Teflon bridge got pressed into the channels that can be seen by the indents after 
disassembling the cell. Fortunately, the bridges made of titanium did not show noticeable 
corrosion and were used in further experiments. 
SEM images of the bipolar plates were taken to find out how severe the damage 
is (Fig. 7.10). The surface of the pristine graphite composite plate has a smooth surface 
with just a few scratches probably made during handling. However, after 1.5 months of 
operation in the electrochemical cell, the surface becomes considerably rougher (Fig. 
7.11). There are lots of rough particles and sharp pointed edges (Fig. 7.12) observed after 
2 months of operation. It is a clear indication of electrochemically assisted leaching of a 
polymer binder by aggressive catholyte solution over time. The exact mechanism of the 
corrosion process is yet to be determined and thoroughly studied.   
  
 
 
 
 
Figure 7.10. SEM image of a pristine graphite composite bipolar plate.
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Figure 7.11. SEM image
the BioGenerator operation
 of the graphite composite bipolar plate after 1.5 months of 
.  
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Figure 7.12. SEM image of the 
the BioGenerator operation
graphite composite bipolar plate after 2 months of 
.  
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7.5. Design of the pilot BioGenerator 
The experimental data collected during testing of the bench-, lab- and semi-
pilot-scale BioGenerators were taken as a foundation for the design of its most advanced 
version to date – 10 kW pilot BioGenerator. All the issues encountered in the previous 
tests served as the guidelines and resulted in a number of design changes, which, 
potentially, will lead to longer, more reliable and more efficient operation. 
 
7.5.1. Process development of the pilot BioGenerator 
A process and instrumentation diagram (P&ID) of the pilot BioGenerator is 
presented in Figures 7.13, 7.14. One of the major modifications with regard to the 
bioreactor, in comparison with the semi-pilot-scale BioGenerator (see Section 3.1.4.3, 
Fig. 3.7), is an addition of an air blower, BL-102, to implement an air recirculation 
concept allowing for diminishing heat losses due to the water evaporation during aeration 
as well as possibility to use pure oxygen in order to increase the oxygen mass transfer in 
the bioreactor. An air recirculation rate will be manually controlled by adjusting 
rotational speed of the blower, BL-102, as well as closing and opening valves V-21 and 
SOV-01002. Another significant change is replacement of the heating coils with the heat 
tracing, HT, installed on the outside of the reactor in order to eliminate obstructions to the 
liquid flow and to improve liquid recirculation in each compartment. In addition to that, 
the backwash filter, FL-101, is going to be installed to return the microorganisms (via 
pipeline BL-02014-2”) separated from the liquid stream directed into the electrochemical 
stack. All the above changes are expected to result in a considerable improvement of the 
bioreactor productivity.  
As for the part of the process associated with an electrochemical stack (Figure 
7.14), it has also been revised. In order to achieve targeted power, it was decided to use 
multiple stacks (X-201A and X-201B). Apart from that, extra piping will be installed to 
allow for changing the direction of the catholyte through the stacks: BL-02005-1” and 
BL-02007-1” for the stack X-201A, and BL-02006-1” and BL-02008-1” for the stack X-
201B. In order to address the water management issues mentioned in the previous 
sections, gas-liquid separators, GLS-201A and GLS-201B, will be installed in the 
hydrogen stream at the outlet of the electrochemical stacks. This will allow to remove the  
173 
 
 
 
 
 
 
P-101
AV-01002-3"
BL-102
Fresh air AV-01008-3"
TE-01001
PIT-01001
D-101
(top view)
A
V
-
0
1
0
0
3
-
2
"
A
V
-
0
1
0
0
6
-
2
"
A
V
-
0
1
0
0
4
-
2
"
A
V
-
0
1
0
0
5
-
2
"
AV-01002-3"
M
A
V
-
0
1
0
0
7
-
2
"
VFD-01001
FIT-01001
TIT-01001
 
SOV-01002
LSHL-01001
TE-01002
TIT-01002
BL-02010-3"
BL-02013-2"
BL-02012-2"
BL-02011-2"
 
ROV-01001
AC-103
A
V
-
0
1
0
0
8
-
3
"
X-103
X-102
SOV-01001
P-25
M
FIT-01007
FL-101
BL-01006-3"
DPSH
TO X-201
P1-002
HTS
FROM X-201
B1-002
VFD-01002B1
B2
B3
A
C1 C2 C3 C4 C5
D2D1
E F
H
G
D3
2
2 Details in 3263-0-00
WT-104
W-02004-1”
FROM GLS-201
P1-002
W-02003-1”
BL-02014-2”
AF-105
Notes:
Control signal
HT
Technical air line
A
I
T
-
0
1
0
0
1
PG-01001 PG-01002 PG-01003 PG-01004 PG-01005
S
S
Heat tracing
 
Figure 7.13. Process and instrumentation diagram of the 10 kW pilot BioGenerator (part I)  
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Figure 7.14. Process and instrumentation diagram of the 10 kW pilot BioGenerator (part II)  
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Figure 7.15. A building floor plan of the pilot BioGenerator  
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Figure 7.16. Manufacturer drawing of the pilot Bioreactor (9.6 m3 liquid volume) 
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Figure 7.17. Design of the bipolar flow distribution plate of the electrochemical stack for the 10kW pilot BioGenerator 
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water condensed in the bipolar plates. Then, the hydrogen will be directed into a 
hydrogen dryer, H2-D-201, where the moisture content in the hydrogen stream will be 
reduced to 10 ppm. 
In this generation of the BioGenerator lots of attention is paid to hydrogen 
safety, therefore, an actuated emergency shut off valve, ROV-01001 (Fig. 7.13), will be 
installed to be able halt the liquid flow from the bioreactor in case of any leak detected by 
level switches, LSH-02001 and LSH-020002 (Fig. 7.14), installed in the spill trays of the 
electrochemical stacks. In terms of hydrogen safety, a combustible gas detector, AIT-
01001 (Fig. 7.14), will be installed and be continuously analyzing samples of the air 
stream coming out of the bioreactor from a nozzle F (Fig. 7.13) and ventilation hood over 
the electrochemical stacks (Fig. 7.15). 
In order to reduce the overall capital costs, a process control of the BioGenerator 
system is designed to be semi-automated. An index of the instruments used in the P&IDs 
is presented in Table D.1 (Appendix D). To ensure safe operation of the system, 
operational narratives of the instruments and shut down procedures were developed 
(Appendix D). 
 
7.5.2. Construction of the pilot BioGenerator 
The construction of the pilot BioGenerator is currently underway. Due to its 
large size, the components of the pilot BioGenerator will be housed in a separate 
specially designed building. The equipment arrangement is shown in Figure 7.15. The 
current version of the BioGenerator is designed to have two electrochemical stacks 
running in a parallel manner. However, the building was designed to be able to 
accommodate a bigger number of stacks in the future. 
The bioreactor design used in the semi-pilot-scale BioGenerator proved to have 
quite high productivity, therefore, the design of current bioreactor was not considerably 
changed, except for the installation of an external heat tracing system (considered in 
Section 7.5.1) and splitting a liquid stream returning into the reactor into three. For better 
liquid distribution over the width of the bioreactor, it was suggested to install three 
deflectors at the inlets of the reactor. Based on the in-house drawings, the manufacturer 
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drawing of the bioreactor (Fig. 7.16) was produced by Rock Technical Solutions Inc. 
(Sarnia, Ontario) by our request. 
 
7.5.3. Improved components of the pilot BioGenerator 
In an attempt to improve the electrical efficiency of the BioGenerator, a new 
design of the bipolar flow distribution plates was developed (Fig. 7.17) and will be 
implemented during manufacturing of the electrochemical stacks for the pilot 
BioGenerator. The major improvement of the design is in using straight parallel channels 
that will allow to decrease the catholyte residence time in the cells and, ultimately, 
increase the stack voltage (see Section 5.2). For more even flow distribution within the 
plate, three slit holes will be used to supply the catholyte into the cells. This will also 
allow to minimize hydrodynamic resistance in the electrochemical stack. Design of other 
stack components, such as gaskets, back plates and current collectors are presented in 
Figures D.2-D.7 (Appendix D). 
Resistance of the cell/stack components to corrosion is one of the main 
challenges in the fuel cell business. As considered in Section 7.3.5, a graphite composite 
material with heightened resistivity to electrochemical degradation will be used for 
production of the bipolar plates. Our preliminary experiments showed that such a 
promising material can be graphite polyphenylene composite produced by the fuel cell 
development institute Zentrum für Brennstoffzellen Technik (ZBT), Duisburg 
(Germany). 
 
7.6. Summary of Chapter 7 
For the first time, a biological fuel cell system – the BioGenerator – was scaled-
up to a pilot-scale and generated ~ 300 W power. This is ~15 times larger than the largest 
microbial fuel cell reported to date world-wide. For the time being it is the only system of 
such a scale and kind in the world. 
Long-term testing of the BioGenerator of different scales showed feasibility of 
the proposed electro-biotechnology, and, at the same time, pointed out the existing 
bottlenecks thereof. Low chemical stability of the components of the electrochemical 
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stack remains the biggest obstacle in the way of its penetration into the market of energy 
storage technologies. 
The design of a 10 kW pilot BioGenrator has been developed and its 
construction is currently underway.  
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CHAPTER 8. Mathematical Modeling of the BioGenerator 
In the last decade, a significant effort has been made on modeling and simulation of 
PEM fuel cells. Several one-, two-, or three-dimensional theoretical as well as semi-
empirical models have been developed to study the dynamic or steady-state 
characteristics of PEM fuel cells, applied mostly in automotive power systems or 
stationary power plants (Das & Bansode, 2009; Siegel, 2008; Tao et al., 2006; Gou et al., 
2010). As was aforementioned (see Section 2.1.1), the performance of PEM fuel cells is 
mainly limited due to overpotential losses and is evaluated by voltage-current density 
outcomes under various conditions (e.g. temperature, composition and flow rate of 
streams, pressure, cathode and anode porosities, catalysts, channel configuration, and 
humidity). In order to establish a relationship between the above-mentioned parameters in 
the BioGenerator and the process occurring in the bioreactor, a working model of the 
cathodic half-cell needs to be developed, in which the rate of the ferric iron reduction 
(Equation 3.2) is determined by the electrical current drawn from the system. In other 
words, the limiting reaction can be considered the catholyte regeneration (Equation 2.8), 
i.e. the oxidation of ferrous iron by microorganisms in the bioreactor. 
In order to develop a model of biological ferrous iron oxidation in the 
BioGenerator, the electrochemical-enzymatic model formulated by Meruane et al. (2002) 
was used as a basis. While this model takes into account both the ferric and ferrous iron 
concentrations, it does not cover other factors, such as temperature and pH effects. In 
general, those effects are specific to the individual species or even strains of bacteria 
used, and depend on the mode of operation, i.e. continuous or batch, with freely 
suspended or immobilized microorganisms etc. For instance, the temperature effect on 
the growth of Leptospirillum ferriphilum has been examined by several groups, and the 
optimal temperature for cultivation has been found to fall in the range of 37-40 °C 
(Ojumu et al., 2009; Gao et al., 2007; Ozkaya et al., 2007). The bacterial strain used in 
our system has already been kinetically examined under identical cultivation conditions 
by Penev & Karamanev (2010). These findings were used in the overall modeling. 
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The difference between the rates of electrochemical ferric iron reduction {3.2} and 
the biological regeneration {2.8} determines the ratio between the ferrous and ferric iron 
in the system, and hence the redox potential (Eh) of the bioreactor solution {8.1}: 
 
¶· $ ¶¸ O ©ª«¬ cd
¯¬¦f.°
±¬¦~.²          {8.1} 
 
where E' is the conditions-dependent formal redox potential, V, R is the universal gas 
constant, J mol-1 K-1, T is the temperature, K, n is the number of electrons transferred in 
the half-reaction, and F is the Faraday constant, C mol-1; [Fe2+] and [Fe3+]
 
are the ferrous 
and ferric ion concentrations, mol L-1, respectively. 
 
The formal potential for the Fe2+/Fe3+ system at pH~1.0 (in sulfuric acid) remains nearly 
constant, around 0.67 V vs. SHE (Penev & Karamanev, 2010). However, the redox 
potential of the catholyte can be much higher, approaching 1.00 V vs. SHE (Boon et al., 
1999). This value is slightly lower than, but comparable to the standard redox potential of 
the oxygen reduction reaction {8.2}, which is 1.23 V. The difference accounts for the 
energetic needs of the bacterium and thermodynamic losses. 
 
O !  4H ¹!5  46' 4 2HO A!  Eo=1.23 V vs. SHE   {8.2} 
 
Since the voltage of the electrochemical cell is heavily dependent on the redox 
potential of the catholyte, and, ultimately, has a great impact on its efficiency and power 
output, an optimal operation of the BioGenerator is only possible at a high and constant 
redox potential, i.e. low and constant ferrous iron concentration. However, it was already 
mentioned that the maximum potential is limited by the energetic requirements of the 
bacterial cells. Another important factor associated with the use of the biological system 
is the need of maintaining the pH within a narrow range. In particular, a very acidic 
medium can significantly inhibit or completely deactivate the iron oxidizing bacteria, 
whereas high pH promotes the formation of biogenic mineral precipitates (See Chapter 
2.6). In addition, elevated pH of the catholyte decreases the diffusivity of the ferric iron 
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and hinders the mass transfer within the cathode likely due to formation of polyatomic 
complexes (Moraw et al., 2006). Therefore, the catholyte acidity plays a crucial role 
especially at operation under transient conditions. As can be seen from reactions {3.2} 
and {2.8}, protons are directly involved in the processes, and an increase in the ratio 
between ferrous and ferric iron results in the pH decrease, and vice versa. For this reason, 
thermodynamic prediction of the pH of the solution during transient operation should also 
be included in the final model of the BioGenerator system. 
Considering the above-mentioned information, this Chapter is aimed at the 
development of a mathematical model capable of predicting the effects of a current 
drawn from an electrochemical cell/stack on dynamics of the bioreactor performance and 
catholyte composition, and, finally, evaluation of the model by performing simulations 
and using real data.  
 
8.1. Model development 
8.1.1. Kinetic model for the ferrous iron oxidation 
For microbial processes, the exponential growth phase of batch cultivation can 
typically be modeled using the Monod equation. However, the biological iron oxidation 
involves an electrochemical equilibrium at the surface of the microbial cell membrane 
and, therefore, the applicability of the Monod model is not straightforward. A few models 
have been developed for such an oxidation reaction and reviewed by Ojumu et al. (2006). 
In our view, electrochemical-enzymatic model (Meruane et al., 2002) developed for 
Acidithiobacillus ferrooxidans is the most complex and complete model; it is based on 
the enzymatic and electrochemical equilibria at the surface of the cell membranes of the 
iron oxidizing microorganisms. The model gives the following relationship for the 
specific ferrous iron oxidation rate: 
 
º $ O 1  |
¯¬¦f.°
|H $
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where qs and qmax are the specific and the maximum specific ferrous iron oxidation rates 
(g L-1 h-1), respectively; X is the bacterial cells concentration; and K1, K2 and KS are the 
kinetic constants of the model that have to be determined using experimental data. 
Assuming a constant biomass yield coefficient, Y, the specific growth rate (cells gFe−1), µ 
is given as: 
 
u $ 1 ||H $ ºÀ          {8.4} 
 
Using a previous kinetic study of the same species of L. ferriphilum (Penev & 
Karamanev, 2010) the mean oxidation rate was determined to change linearly with pH 
within the range of 0.7-1.1. The linear variation can be related to a change of the 
maximum specific oxidation rate: 
 
ºÁ $ , pH!  Ã          {8.5} 
 
where  are the constants that have to be estimated from the experimental data 
obtained in that study. Further, it was shown that during batch cultivation, various lag 
times were observed within a predefined range of pH and total iron concentration. During 
the lag phases ferrous iron biooxidation did occur and it proceeded with an almost 
constant rate showing very low cell division rate. By contrast, during the exponential 
growth phase, strictly growth associated ferrous iron biooxidation was seen and the yield 
coefficients for each run were mainly constant (Penev & Karamanev, 2010). Such 
variations should be included in the kinetic study in order to analyze the process under 
the unsteady state conditions. 
In a batch operation mode, the conservation equations for bacterial cells and the 
ferrous iron concentrations can be written as follows: 
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The right-hand side of the bacterial cells concentration balance is multiplied by  
(1 - e-kt) term, representing the contribution of the lag phase in the cell growth rate. In this 
term, t is the time (h) and k represents reciprocal of a time constant, τ, for the lag phase, 
which describes how fast the lag phase moves toward the cell growth phase. At early 
stages of operation, the term is close to zero resulting in a very low cell division rate; 
whereas, for t > 3 τ
 
 the term approaches unity, representing the exponential growth phase 
of cell growth. The results from the previous study can be interpreted to show that the 
value of k was a function of initial pH ( opH ) and initial ferrous iron concentration  
( 2+
o[Fe ] ). The following empirical equation relating the above parameters provided the 
best fit to our experimental results: 
 
s $ £ pH¨!| ±Fe5²!Å            {8.8} 
 
where c, d, and f are the constants that should be estimated. 
 
Thermodynamic modeling of the ionic speciation of the catholyte solution was used 
to predict the changes in pH during the operation of the system. The model details can be 
found in Appendix E. 
 
8.1.2. Dynamic Model Development of the integrated bioreactor-redox flow 
cell system 
The major equations, describing continuous bioreaction dynamics, include the 
bacterial cells and ferrous iron balances. Assuming a well-mixed system (the output 
concentration and the concentration within the system are equal), constant volume, and 
constant temperature, the following equations can be written:  
 
|
|H $  1 O 6'mH!u¡             {8.9} 
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where V and v are the volume of the bioreactor (L) and the recirculation rate of the 
solution through the fuel cell (L h-1), respectively. The input and output terms of the 
bacterial cells balance equation are assumed to be equal (no growth in the circulation 
lines and the electrochemical cell); therefore, the difference between the input and the 
output terms of ferrous iron concentrations can be related to the electric current, I, 
generated by the fuel cell: 
 
Ç ±Fe5² O ±Fe5²! $ 3600 È½¾«¬             {8.11} 
 
where n, F, and MFe are the number of electrons participating in the electrochemical 
reaction (n = 1 in this particular case), the Faraday constant, and the molar mass of iron, 
respectively; 3600 is the conversion factor for the time unit. Substituting equation {8.11} 
in {8.10} results in an equation in which ferrous iron concentration changes within the 
bioreactor are independent of the recirculation rate and is a function of an applied current 
load. In fact, at constant current, an increase in the recirculation rate decreases the fuel 
cell outlet ferrous iron concentration, but the molar rate of ferrous iron addition into the 
reactor remains constant. 
As the total iron concentration, [Fe]t and the volume are constant, the ferric iron 
concentration can be calculated as follows: 
±Fe"5² $ ±Fe²H O ±Fe5²           {8.12} 
 
8.1.3. Limitations of the model 
According to Penev and Karamanev (2010) the optimal iron biooxidation by L. 
ferriphilum as well as bacterial growth rates can be achieved at the pH and temperature 
within the ranges of 1.05-1.80 and 38-42 °C, respectively. However, our previous 
experience in the BioGenerator operation (Pupkevich, 2007) showed that working at such 
pH of the growth medium leads to precipitation of ferric iron complexes in the bioreactor 
and, inevitably, causes problems such as scaling and clogging of channels and a cathode 
in the electrochemical cell. Although, as anticipated, both iron oxidation and microbial 
growth rates decreased linearly, no solid particles formation was observed at varying pH 
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within 0.70-1.05 range. Therefore, this pH range was chosen for the model verification 
experiments. 
Carbon dioxide and oxygen availability in the bioreactor solution are the other two 
parameters, which may need to be considered in the modeling approach due to their great 
impact on the iron oxidation process. Recently it has been shown that for L. ferriphilum 
cultivated under similar conditions (freely suspended microorganisms in a well-mixed 
reactor) the CO2 supply with atmospheric air is sufficient for (Bryan et al., 2012). The 
dissolved oxygen concentration depends on the solution composition, temperature, 
aeration method (distributor type), and the air flow rate. Even under optimal bioreactor 
conditions, the oxygen mass transfer could limit the maximum current obtainable from 
the electrochemical cell. These limitations were investigated in a series of experiments 
performed in the mini-pilot-scale system (refer to Section 3.7.3 for more details). The 
results showed that the bioreactor could handle a maximum of 1.0 A current load per 1.75 
liters of bioreactor liquid volume. For the loads higher than the maximum value, the 
oxygen mass transfer becomes the limiting process of the system, which results in a 
decrease in the biooxidation rate and pH of the catholyte, and an increase in ferrous iron 
concentration. In turn, these changes further inhibit the biological iron oxidation reaction 
and, ultimately, make operation of the system unstable with a positive feedback 
mechanism in action. Therefore, for the purpose of this study, the pH range of the 
bioreactor medium and the maximum current drawn from the electrochemical cell were 
deliberately limited to the values mentioned above. 
 
8.1.4. Kinetic parameter estimation 
Since the equations {8.3}-{8.12} describe the batch bioreactor dynamics, their 
simultaneous solution gives the microbial cells and ferrous iron concentrations for both 
the lag and exponential growth phases. Through an optimization method and a simulation 
program, the predicted data corresponding to experimental data can then be applied to 
estimate the unknown coefficients of K1, K2, KS, Y, α, β, c, d, and f. The error (ei,j) 
between the thj  value of thi  measured variable (yi,j) and its corresponding simulated value 
%y i,j is defined as: 
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6,w $ É,w O ÉÊ,w          {8.13} 
 
An objective function for the optimization method can be defined in such a way to 
minimize the sum of the square errors (model residuals). An important issue in 
formulation of the objective function is the scaling of the variables. Particularly, the 
measurement errors in the cell counting are much higher than those, associated with the 
ferrous iron concentration determination. In general, the optimization on its own cannot 
recognize the order of magnitude, dimensions, accuracy of a value measured and 
importance of each variable; hence, an objective function without proper scaling or 
weight factors may result in excessive sensitivity towards one variable (e.g. cell 
concentration) while ignoring other variables (e.g. ferrous iron concentration). Therefore, 
the weighted least squares method was applied to avoid this kind of issues. In this study, 
the weight factors were first scaled to bring the measurements of errors for both variables 
to the same order of magnitude and then determined on a relative scale due to 
measurement precisions of cell counting and ferrous iron concentration described in 
Sections 3.4.1 and 3.4.2. 
 
minÍ Φ Ï! $ ∑ ∑ Ñ,w6,w  Ï!Òyw1Òb1         {8.14} 
subjected to 
ÏÓ Ô Ï Ô ÏÕ           {8.15} 
 
where Nm is the number of variables and Ni is the number of measurements of each 
variable; θ and 
,i jω  are the parameter vector and non-negative weight factor, respectively. 
In the optimization program, the latter was chosen small for variables measured on a 
large scale or measured with lower precision (e.g. cell counting). Otherwise, it was 
chosen large. Two variables – ferrous iron and bacterial cells concentrations – were 
included in the objective function. The modeling objective was to find a set of kinetic 
parameters that minimize the square of errors between the measured and simulated values 
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for the ferrous iron and the bacterial cell concentrations, subject to constrains imposed by 
the model equations and known boundaries (θL and θU) of the parameters for better and 
faster convergence. 
Four of the five data sets from a kinetic study of the microbial ferrous iron 
biooxidation reported by Penev & Karamanev (2010) were used to estimate the kinetic 
parameters. The last data set was applied to validate the developed model. The obtained 
estimates are presented in Table E.1 (Appendix E). The most interesting result of the 
simulation was the K2 value, because it was estimated to be zero, a value that was 
assumed by Penev & Karamanev (2010) in their kinetic study. Besides, the predicted 
coefficients for k in Equation {8.8} show that the initial pH has greater influence on the 
lag phase than the initial ferric iron concentration. 
For all data sets, the experimental and simulated ferrous iron concentrations are in a 
very good agreement for both lag and growth phases. However, small discrepancies are 
observed in the case of bacterial cells concentrations, which can likely be related to the 
corresponding weight factors applied for the less reliable experimental data, associated 
with cell counting. The ferrous iron and bacterial cells concentrations for the fifth data set 
were used to validate the model (Figure S1, Appendix E). A reasonable agreement 
between the experimental and simulated values is observed for both phases as well. 
Assuming zero value for the K2 parameter as well as an average value for (with 
no pH dependency), Penev and Karamanev (2010) used a different approach to estimate 
the kinetic parameters only for the exponential growth phase; the lag phase was estimated 
by a linear function separately. For a comparison, their estimates are presented in Table 
E.1 (Appendix E). The observed differences in KS, qmax and Y parameters may be due to 
the different approach, taken in that work.  
In general, the good agreement between the simulated and experimental data 
indicates that the model is well-defined. 
 
maxq
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8.2. Simulation results  
Three simulation programs, S1 – S3, were employed with different sets of initial 
conditions to show the effect of current variations on the dynamic behavior of the system 
(Table E.2, Appendix E). The upper value of a current range was limited to either short 
circuit current (Isc) measured at the onset of each experiment or maximum achievable 
current (Imax) accounted for by oxygen mass transfer limitations.  
For the first simulation, S1, the initial pH was selected to be close to its optimal 
value, corresponding to a relatively short lag time, and the cell concentration was fairly 
low (Table E.2, Appendix E). The simulation showed that at current loads less than 3 A, 
the ferrous iron concentration would increase sharply, reach a peak value, and then 
gradually decrease showing a reasonable balance between the generation of ferrous iron 
in the fuel cell and its consumption by microorganisms. The ferrous iron concentration 
spike would be quite low, which would allow keeping the pH close to its initial value for 
a higher ferrous iron biooxidation rate. The cell growth kinetics would pass through a 
reasonably short lag phase before continuing in exponential growth. These conditions 
would lead to a smooth operation (steady state) in which an equal number of protons 
would be released from hydrogen oxidation {3.1} and consumed by the bacteria {2.8} 
resulting in a constant value for the average pH of the catholyte. The excessive 
biomass/microorganisms would be also harvested from the bioreactor by a process such 
as continuous centrifugation.  
An increase in the fuel cell current load to more than 4 A, however, would result in 
a larger ferrous iron concentration spike at which the pH of the solution would drop 
significantly, leading to lower biooxidation and cell growth rates, and, ultimately, to 
unstable behavior of the system. In fact, either during start-up operation or high fuel cell 
current load condition, protons would generate faster from hydrogen oxidation {3.1} than 
they would be consumed by the ferrous iron biooxidation reaction {2.8} resulting in pH 
drop. 
The second simulation, S2, was performed with improved initial conditions for the 
bioreactor. The cell concentration was relatively high and the pH was even closer to its 
optimal value (Table E.2, Appendix E). The simulation results (Figure S2, Appendix E) 
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at applied current load ranging from 2.0 to 5.0 A showed that the generation and 
consumption terms of Equation {8.10} are well balanced to minimize the deviation of pH 
from its initial value even for the highest current load of 5 A (the maximum deviation of 
pH was calculated to be 0.01). The ferrous iron concentration peak would be relatively 
low and it would appear at the early stages of operation due to the relatively short lag-
phase time. As the bacterial growth phase would start considerably earlier, the 
microorganism concentration would reach a significantly higher level in shorter times as 
well. As a result, the generation rate of ferrous iron in the fuel cell would be just slightly 
higher than the rate of its oxidation by microorganisms. In comparison with simulation 
S1, a smooth operation of the fuel cell would be expected under the improved initial 
conditions even if the current load value was higher than 4 A.  
For the third simulation, S3, a 22-L bioreactor containing the growth medium with 
moderately high bacterial cells concentration (Table E.2, Appendix E) and the fuel cell 
with 100 cm2 electrodes working area capable of producing 14.5 A at short circuit, Isc, 
was used instead of 16 cm2, as in two previous runs. The upgraded fuel cell allowed for 
increasing the applied operation current range to 5-11 A. The pH of the solution, 
however, was adjusted to 0.77 in order to investigate the process responses at low pH as 
well as ability of the model to predict ferric and ferrous iron concentration at pH below 
the lower limit of 0.7, selected for this study. Due to the low initial pH the 
microorganisms would show a longer than usual lag phase and no considerable growth 
would be observed within the first 50 hours (Figure S3, Appendix E). At the same time, 
working at low pH would lead to a decrease in the biooxidation rate of ferrous ions, i.e. 
slower generation of ferric iron. For applied current loads less than 6 A, in spite of very 
low biooxidation and microorganisms growth rates, the initial cells concentration would 
be high enough to handle amounts of the ferrous iron generated in the fuel cell and, 
consequently, to keep the pH fairly close to its initial value. However, for current loads 
higher than 6 A, the amount of generated ferrous iron would hike rapidly, which would 
result in an increased ferrous iron concentration and, ultimately, in a drop of pH below 
0.7, leading to a very poor overall performance of the system. 
The validity of the model within predefined ranges was proven by comparing the 
simulated values with the ones measured during the verification experiments at a certain 
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constant current, Is, drawn from the fuel cell unit. Three runs, R1-R3, for the current load 
values 4, 3, and 10 A were selected to be implemented at the onset of experiments in 
which the initial conditions were the same (Table E.2, Appendix E) as those applied in 
simulations S1, S2, and S3, respectively. At all stages of each run, the circulation rate, the 
withdrawn current, and the inlet and outlet ferrous iron concentrations were measured 
and the change of the ferrous iron concentration was predicted using Equation {8.11}. A 
very good agreement between the predicted and measured values was observed. 
For the first run, R1, the ferrous iron concentration was slowly increasing at the 
beginning of the experiment and reached its maximum of approximately 4 g L-1 after 60-
hour-operation, then gradually decreasing until the end of experiment. The fuel cell still 
was able to operate at constant current of 4 A during the concentration peak, though a 
considerable drop in the voltage due to an increase in ferrous ions concentration was 
observed. The fuel cell performance, however, was improving when the ferrous iron 
concentration started decreasing after 60 hours of operation. The small drop in pH did not 
significantly affect the ferrous iron biooxidation rate resulting in a reasonable bacterial 
cells growth rate after a comparatively short lag time. For the second run, R2, no major 
variations of the ferrous iron concentration and pH were noticed, therefore a smooth 
operation for both the fuel cell and bioreactor was observed. After passing a lag phase 
that was shorter than the corresponding lag time in run R1, the cell growth rate was 
reasonably augmented and improved the regeneration of ferrous iron. The experimental 
results for the run R3, however, showed a worse scenario in operation for both the 
bioreactor and fuel cell. The low initial pH provided a long lag phase during which no 
major increase in a bacterial cells concentration was observed. Although the initial cell 
concentration for this run was the highest among the experimental runs (Table E.2, 
Appendix E), the ferrous iron concentration sharply increased and caused the pH to drop 
below 0.7 resulting in a relatively low ferrous iron biooxidation rate. In turn, the high 
ferrous iron concentration resulted in a voltage decline to a level at which the redox 
potential of the solution was not high enough to keep the current constant at 10.0 A that 
consequently led to unstable operation and shut down of the system. It can also be seen 
that the experimental results do not agree well with simulated outputs for pH less than 
0.6. The deviation can be accounted for by the non-linear dependence between the 
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ferrous iron biooxidation rate and pH at that pH value, as shown by Penev and 
Karamanev (2010); in contrast to the linear dependence {8.5} used in this study. 
Overall, a good agreement between the predicted and measured variables indicates 
that the model was well-indentified within the predefined ranges of variables. All the 
results, simulated and experimental, indicated that the implemented current loads should 
be selected with great care in order not to disbalance the system, i.e. the ferrous iron 
concentration should be kept at a minimum possible level for a better fuel cell 
performance, but still high enough (higher ferrous iron concentration creates favorable 
conditions for microorganisms, provided that the pH is kept within an optimal range for 
their growth) to provide efficient bioreactor operation. The initial pH and initial microbial 
cells concentration have to be considered as factors influencing a choice of implemented 
current load, because they have a significant effect on the length of a lag phase. 
Therefore, an optimal current profile for a transient phase of operation is required to 
achieve a smooth steady state operation at which an even balance between generation and 
consumption of ferrous ions and no significant pH changes are observed, while the 
maximum attainable current is being drawn from the system. 
 
8.2.1. Optimal current profile 
The goal of the optimization is to achieve the maximum attainable current as fast as 
possible without creating an unstable condition for either the bioreactor or the 
electrochemical cell. Applying the maximum current load at the onset of operation would 
result in a sharp increase in a ferrous iron concentration on early stages of operation, 
which would lead to a significant pH drop. Although the high ferrous iron concentration 
is favorable for the microbial growth, lowering a pH causes the rate of biooxidation to 
drop, which may result in an unstable BioGenerator operation. In addition, a high ferrous 
iron concentration reduces the redox potential of the catholyte (based on Equation 8.1) 
and increases the concentration polarization within the fuel cell. Thus, a high ferrous iron 
concentration has two negative effects that lower performance of the electrochemical cell 
(i.e. decrease the maximum attainable current). Since determination of a maximum 
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ferrous iron concentration for the electrochemical cell as a limit for optimization program 
was out of the scope of this study, it was assumed that the value had been given. 
The general statement of the optimal current profile problem is: 
maxÈ H!× Ø L!, ±Fe5²!         {8.16} 
subject to  
    for a continuous bioreactor model 
1 Ô Ø Ô Ø         {8.17} 
1 Ô Ø Ô ØÁ         {8.18} 
|È
|H Ù 0         {8.19} 
0 Ô ±Fe5² Ô ±Fe5²ÚÛµ       {8.20} 
 
where I(t) is the current profile. 
The objective function of the program was to maximize the function of current load 
and ferrous iron concentration profiles, while keeping the current and the concentration 
less than Isc (or Imax
 
) and [Fe2+]max, respectively.  
Four different maximum ferrous iron concentrations (0.6, 0.8, 1.0, and 1.2 g L-1) 
were chosen for finding the optimal current. A rapid current increase at early times was 
observed in all profiles. This resulted in a rapid accumulation of ferrous iron in the 
system, the concentration of which reached the acceptable maximum within the first 20 to 
60 minutes. Once the current reached its maximum value, Isc or Imax, the ferrous iron 
generation rate became constant and its consumption rate {8.10} gradually surpassed the 
generation rate, leading to a sharp decrease in ferrous iron concentration. Although the 
transient phase of operation ended at almost the same time and with the same ferrous iron 
concentration for all runs, the lower maximum concentration provided better conditions 
(low ferrous iron concentration with less fluctuation) for the fuel cell to operate smoothly. 
The validity of the model as well as the program developed can be assured, if the 
optimization program is combined with a mini-pilot plant experiment in which the 
bacterial cells concentration, the ferrous iron concentration, and the pH are measured 
based on implemented optimal current profile. The mini-pilot-scale system used for open-
loop control of a current load (based on the predicted optimal profile) was basically 
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similar to that shown in Figure 1.4 except for the volume of the bioreactor and electrodes 
working area of the fuel cell, which were increased to 55 L and 400 cm2, respectively. 
The modified setup allowed to increase maximum attainable current to 35 A. However, 
the highest current could only be drawn, when the catholyte with highest redox potential 
was used. The initial conditions of the experiment are given in Table E.2 (Appendix E).  
The result of the optimization calculations were tested in the mini-pilot-scale 
system, operated at current loads in accordance with the predicted profile for [Fe2+]max = 
0.8 g L-1. The experimental results, compared with the simulations, are shown in Figure 
8.1. As expected, the ferrous iron concentration rose rapidly to approximately 0.8 g L-1, 
remained at that level for approximately 100 hours, and then dropped sharply to its final 
level. Unfortunately, these changes affected performance of the fuel cell quite 
significantly and, at the ferrous iron peak concentration, a redox potential of the catholyte 
was not high enough to maintain the fuel cell voltage constant. It can be seen that here the 
pH is also overestimated; however, the differences between the predicted and measured 
values remain within the range of the pH measurement accuracy. In general, a good 
agreement between the experimental and predicted variables is an indication of an 
accurate estimation of a current profile. 
The question may arise about how the ferrous iron concentration would change if 
the current was set at Isc (or Imax) at the onset of experiment. The simulation results for 
these conditions indicate that at first the ferrous iron concentration would sharply 
increase up to almost 3 g L-1 within first 30 hours of operation and then slowly decrease 
and reach 0.5 g L-1 after 200 hours. This relatively low maximum concentration is 
accounted for by the high concentration of microorganisms, but it still, based on our 
previous experience, cannot provide favorable conditions for the maximum fuel cell 
performance. The simulations performed for the same initial values also showed that the 
conditions would deteriorate significantly if the bacterial cells concentration was 
decreased by only 10% or 15%, which would cause the maximum ferrous iron 
concentration to reach almost 5 and 32 g L-1, respectively, with the pH plummeting down 
to 0.79 and 0.42, respectively. Such drastic changes in the bioreactor conditions would  
196 
 
 
 
 
 
 
 
 
Figure 8.1. Comparison of experimental and simulation results for the current 
profile for [Fe2+]max = 0.8 g L-1  
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lead to unstable operation of the system. It should also be mentioned that an unstable 
operation refers to the conditions under which the pH drops below 0.6, inhibiting ferrous 
iron oxidation by microorganisms. Once the bacterial growth rate and ferrous iron 
oxidation decrease sharply, the ferrous iron concentration increases drastically, which 
leads to even larger drop in pH as well as tremendous reduction in a redox potential of 
the bioreactor liquid. The operation of the system would continue until no microbial 
activity is observed and the fuel cell performance becomes nil.  
 
8.3. Summary of the Chapter 8 
The model describing the BioGenerator operation was developed and successfully 
tested. Once the model was validated through an autonomous run, a dynamic 
mathematical model representing the BioGenerator system was developed to predict the 
ferrous iron concentration, bacterial cells concentration, and pH for any current drawn 
from the electrochemical cell. Three independent runs were performed theoretically and 
experimentally. Unfortunately, for all the studied cases, a slight overestimation of pH was 
observed. A possible reason for such behaviour is likely related to shortcomings of the 
model selected for estimation of activity coefficients of protons in the solution. However, 
notwithstanding the discussed limitations, the model was shown to adequately describe 
the parameters of the system, and showed a good agreement between the simulated and 
experimentally obtained values. 
The results obtained also showed that the transient state of the electrochemical cell 
operation requires a scrupulous balance between the set current, ferrous iron 
concentration and pH in the bioreactor in order to achieve stable steady-state operation. 
The optimal current load profile was implemented through an open loop control strategy 
and then validated by the results obtained experimentally from the BioGenerator mini-
pilot-scale system. Nonetheless, further studies on applicability of the developed model 
to scaling up the process as well as use of other models to estimate the activity 
coefficients of ions are highly recommended.  
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9. Conclusions 
The main conclusions made as a result of the analysis of a vast array of 
experimental data, collected in the course of this exciting and multi-faceted research 
project, are the following:  
1. A straight forward “one pot” technique of the synthesis of the Nafion-based 
proton exchange membranes was developed. It was shown that an introduction 
of 5% of silica during the synthesis results in a five-fold reduction in the ferric 
ions diffusion (2.2·10-7 and 2.5·10-8 cm2 s-1 for Nafion-117 and 5.0% SiO2 
/Nafion, respectively) through the membrane. 
2. 5.0% SiO2 /Nafion membrane exhibits considerably lower proton conductivity 
(1.8·10-2 Ω-1 cm-1) as compared to commercial Nafion-117 membrane (2.6·10-2 
Ω-1 cm-1). However, silica reduces water uptake by ~2% and serves as an 
efficient barrier to water molecules, and reduces water transport through the 
membrane. 
3. Testing of the synthesized Nafion-based membranes in the Fe3+/H2 
electrochemical cell showed that doping with PTA does not improve the 
membrane performance, but it is directly proportional to the membrane proton 
conductivity. In particular, 2.5% SiO2 / 10% PTA / Nafion membrane (1.7·10-2 S 
cm-1) and 5% SiO2 / Nafion (1.8·10-2 S cm-1) allowed to achieve the maximum 
power density of 83 and 91 mW cm-2, respectively. 
4. The water flux of the p-PVA membrane cross-linked with H3PO2 was 
determined to be 6.08·10-2 g cm-2 h-1, which is about 1.7 times higher than that 
for Selemion HSF membrane (3.52·10-2 g cm-2 h-1). The permeability of ferric 
ions through the membrane was also higher (3.5·10-5 cm2 min-1) in comparison 
with Nafion 117 membrane (1.32·10-5 cm2 min-1). Such behaviour, in our 
opinion, can be justified by higher hydrophilicity and less dense structure of the 
synthesized membranes. 
5. 30% AMP/PVA exhibited the lowest water flux (4.09·10-2 g cm-2 h-1) amongst 
the synthesized membranes value, which is believed to be a result of a 
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significantly tighter structure of the backbone due to formation of three-
dimensional network. 
6. 12.3%H3PO2 / 14.8%AMP / PVA membrane performed the best in the Fe3+/H2 
electrochemical cell amongst others, and exhibited the power density of 107 mW 
cm-2 at 298 mA cm-2. 5%SiO2 / 40%MPAH / PVA and Selemion membranes, 
showed identical behaviour and gave the maximum power density of ~93 mW 
cm-2 at 255-270 mA cm-2. Such a significant difference can be explained by 
lower internal resistance in the cell as a result of a better mechanical contact 
with the anode due to its high flexibility (almost adhesive-like properties).  
7. The formation of C=C bond in the membrane backbone during PVA 
phosphorylation opens up new opportunity for tailoring the membranes for 
specific application by introduction desirable functional groups. 
8. The catholyte flow pattern and its characteristics, as well as operation regime of 
the Fe3+/H2 electrochemical cell have a great impact on its power output. In 
particular, the cell employing the flow-through cathode shows the best 
performance among other flow distribution patterns and can achieve current 
density of ~675 mA cm-2. 
9. The electrochemical cell was successfully scaled up from 4×4 cm single cell (1.6 
W) to a stack of five 20×20 cm cells (271 W). 
10. The semi-pilot-scale bioreactor (600 L) was designed on the basis of 
experimental study of a 1.4 L bench-scale and 440 L lab-scale bioreactors.  
11. The kinetics of the ferrous iron oxidation in different scales of bioreactor was 
studied. A little decline in the maximum biooxidation rate at transfer from the 
bench-scale (1.75 gFe3+ L-1 h-1) to lab-scale bioreactor (1.42 gFe3+ L-1 h-1) was 
observed. However, thanks to the improved design of the pilot-scale bioreactor it 
was capable of achieving the oxidation rate of 1.48 gFe3+ L-1 h-1. 
12. An extraordinary resilience of the iron oxidizing microorganisms, dominated by 
L. ferriphilum, to the feed interruption was established. Even after five months 
of starvation, the bacteria were able to resume their activity in ~5.5 days in the 
growth medium at optimal conditions. 
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13. Oxygen mass transfer coefficient in the pilot-scale bioreactor was determined to 
be slightly higher (~63 h-1) than that in a small-scale model bioreactor (~58 h-1) 
likely due to the difference in geometry and very specific liquid recirculation 
pattern in the pilot-scale reactor. 
14. Toxicity of the biomass harvested from the bioreactor was studied. Exposure of 
Zebrafish embryos to the biomass during fertilization did not have a noticeable 
effect on their development, and the same hatching rate was observed. Thus, it 
was concluded that the biomass is non-toxic and, potentially, can be used as an 
animal feed. 
15.  The BioGenerator system was successfully scaled up from the bench- to the 
semi-pilot-scale, and tested for a prolonged period of time. Feasibility of this 
electro-biotechnology was proven by continuous operation of a bench-scale 
BioGenerator for over three years. 
16. The mathematical model describing the BioGenerator was developed and 
validated. The experimental data obtained during the validation run of the 
system is in a good agreement with the results of simulation. 
17. The more advanced version of the system – 10 kW pilot BioGenerator - was 
designed and currently under construction.  
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10. Recommendations and future work 
 
1. Develop more economic and efficient electrodes for hydrogen oxidation: 
a. Use platinum alloys with transition metals like Co and Ni as a 
catalyst 
b. Use tungsten carbide as a catalyst 
c. Use multicomponent non-precious metal / heteroatomic polymer 
nanocomposite catalysts 
2. Develop a new material for bipolar plates that is less prone to electrochemical 
corrosion: 
a. Use more chemically resistant binders like polypropylene or 
polyphenylene sulfide for composite preparation 
b. Use different carbonaceous materials (carbon fibres, graphene 
etc.) and optimize composition of bipolar plates 
3. Study hydrodynamics and mass transfer in the electrochemical stack: 
a. Study hydrodynamics in flow distribution plates in terms of 
channels configuration and different operation regimes 
b. Study mass transfer of Fe3+ and Fe2+ ions in the cathode 
4. Optimize operation regime of the BioGenerator 
5. Conduct a more thorough study of toxicological properties of the biomass 
6. Study energy losses and suggest potential areas of improvement 
7. Perform a full economic analysis of the system 
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Table A.1. Proton conductivity of commercial membranes 
Membrane Is.c., A 
Conductivity, 
S cm-1 
Fumasep FKE 4.69 3.90E-03 
Fumapem ST-1140 2.68 6.40E-03 
Fumapem ST-850 2.205 6.80E-03 
Neosepta CMS 1.47 2.50E-02 
Selemion HSF 6.72 1.90E-02 
 
Table A.2. Testing of Selemion HSF membrane in the Fe3+/H2 electrochemical cell 
(4x4 cm, serpentine) 
I, A I, mA cm-2 U, mV fH2, 
mV fFe, mV P, W 
P, W 
cm-2 
P, mW 
cm-2 
6.72 381.82 170 1.142 0.064909 65 
6.5 369.32 210 268 500 1.365 0.077557 78 
6.25 355.11 230 260 505 1.438 0.081676 82 
6 340.91 250 248 510 1.500 0.085227 85 
5.75 326.70 270 234 512 1.553 0.08821 88 
5.5 312.50 287.5 216 516 1.581 0.089844 90 
5.25 298.30 307.5 203 518 1.614 0.091726 92 
5 284.09 325 194 519 1.625 0.09233 92 
4.75 269.89 342.5 183 522 1.627 0.092436 92 
4.5 255.68 362.5 167 525 1.631 0.092685 93 
4.25 241.48 380 153 527 1.615 0.091761 92 
4 227.27 397.5 139 532 1.590 0.090341 90 
3.75 213.07 417.5 128 533 1.566 0.088956 89 
3.5 198.86 432.5 113 536 1.514 0.086009 86 
3.25 184.66 452.5 99 539 1.471 0.083558 84 
3 170.45 472.5 83 541 1.418 0.08054 81 
2.75 156.25 487.5 67 543 1.341 0.076172 76 
2.5 142.05 510 56 546 1.275 0.072443 72 
2.25 127.84 530 40 547 1.193 0.067756 68 
2 113.64 550 20 549 1.100 0.0625 63 
1.75 99.43 572.5 0 553 1.002 0.056925 57 
1.5 85.23 595 -35 556 0.893 0.05071 51 
1.25 71.02 620 -58 560 0.775 0.044034 44 
1 56.82 647.5 -78 564 0.648 0.03679 37 
0.75 42.61 675 -100 566 0.506 0.028764 29 
0.5 28.41 707.5 -128 568 0.354 0.020099 20 
0.25 14.20 750 -150 571 0.188 0.010653 11 
0 0.00 805 -215 574 0.000 0 0 
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Table A.3. Testing of Nafion-based membranes in the Fe3+/H2 electrochemical cell (4x4 cm, serpentine) 
2.6% SiO2/ 10%PTA/ Nafion 5% SiO2/ Nafion 
I, A I,  
mA cm-2 U, mV fH2, mV fFe, mV P, W 
P,  
mW cm-2 I, A 
I,  
mA cm-2 U, mV fH2, mV fFe, mV P, W 
P, 
 mW cm-2 
5.0025 284.23 211 213 439 1.056 60 
 
5.505 312.78 231 213 439 1.272 72 
4.4906 255.15 291 160 444 1.307 74 
 
5.0062 284.44 289 160 444 1.447 82 
4.0275 228.84 352 112 448 1.418 81 
 
4.5581 258.98 343 112 448 1.563 89 
3.5268 200.39 413 61 453 1.457 83 
 
4.0068 227.66 400 61 453 1.603 91 
3.0993 176.10 459 24 457 1.423 81 
 
3.5793 203.37 440 24 457 1.575 89 
2.55 144.89 512 -12 462 1.306 74 
 
3.0637 174.07 484 -12 462 1.483 84 
2.0475 116.34 556 -45 470 1.138 65 
 
2.5875 147.02 526 -45 470 1.361 77 
1.5318 87.03 599 -76 476 0.918 52 
 
2.0737 117.82 564 -76 476 1.170 66 
1.0668 60.61 638 -107 484 0.681 39 
 
1.5412 87.57 604 -107 484 0.931 53 
0.5475 31.11 692 -137 494 0.379 22 
 
1.0631 60.40 644 -137 494 0.685 39 
0.2626 14.92 744 -179 511 0.195 11 
 
0.5175 29.40 705 -179 511 0.365 21 
0.1068 6.07 795 -210 528 0.085 5 
 
0.2493 14.16 753 -210 528 0.188 11 
0.0037 0.21 895 -238 543 0.003 0 
 
0.1068 6.07 800 -238 543 0.085 5 
0 0.00 915 -283 606 0.000 0 
 
0 0.00 906 -283 606 0.000 0 
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Table A.4. Dependence of conductivity on concentration of protons 
30%AMP 30% H3PO4 40% MPAH 
CH+, mole/L σ, S/cm CH+, mole/L σ, S/cm CH+, mole/L σ, S/cm 
0.04 4.00E-03 0.113 6.50E-03 0.0875 1.75E-04 
0.56 8.20E-03 0.45 1.00E-02 0.6 6.00E-04 
0.87 1.60E-02 1 1.78E-02 1.025 1.20E-03 
1.93 2.95E-02 2 3.50E-02 1.85 2.20E-02 
4 6.30E-02 3.8 3.30E-02 
 
Table A.5. Water flux, iron ions permeability and ion exchange capacity 
Membrane H2O flux, g/cm2 h 
Fe3+ permeability, 
cm2/min 
IEC, 
mmol/g 
50% Phenol disulphonic acid 7.22E-02 
36% Phenol disulphonic acid 6.62E-02 
30% H3PO4 6.08E-02 3.50E-02 0.65 
20% H3PO2 6.08E-02 1.05 
30% AMP 4.09E-02 2.68E-05 
40% PMAH, ~5% SiO2 5.92E-02 6.20E-05 
Nafion 117 3.44E-02 1.32E-05 0.909 
 
Table A.6. Testing of 30% H3PO4/PVA membrane 
I, A I, mA/cm2 U, mV fH2, mV fFe, mV P, W P, W cm-2 P, mW cm-2 
5.58 317.05 142.5 201 363 0.795 0.045179 45 
5.02 285.23 215 160 389 1.079 0.061324 61 
4.75 269.89 240 148 398 1.140 0.064773 65 
4.5 255.68 262.5 136 406 1.181 0.067116 67 
4.25 241.48 285 123 415 1.211 0.068821 69 
4 227.27 310 110 423 1.240 0.070455 70 
3.75 213.07 332.5 99 432 1.247 0.070845 71 
3.5 198.86 355 86 440 1.243 0.070597 71 
3.25 184.66 380 74 449 1.235 0.07017 70 
3 170.45 402.5 59 459 1.208 0.068608 69 
2.75 156.25 430 46 468 1.183 0.067188 67 
2.5 142.05 455 31 476 1.138 0.064631 65 
2.25 127.84 480 16 485 1.080 0.061364 61 
2 113.64 505 0 493 1.010 0.057386 57 
1.75 99.43 535 -14 503 0.936 0.053196 53 
1.5 85.23 562.5 -29 512 0.844 0.04794 48 
1.25 71.02 595 -50 521 0.744 0.042259 42 
1 56.82 627.5 -70 530 0.628 0.035653 36 
0.75 42.61 662.5 -95 540 0.497 0.028232 28 
0.5 28.41 702.5 -120 550 0.351 0.019957 20 
0.25 14.20 755 -160 559 0.189 0.010724 11 
0 0.00 825 -218 569 0.000 0 
243 
 
 
 
Table A.7. Testing of 12.3% H3PO2/14.8%AMP/PVA membrane 
I, A I, mA/cm2 U, mV fH2, mV fFe, mV P, W P, W cm-2 P, mW cm-2 
7.63 433.52 192.5 216 436 1.469 0.083453 83 
7.5 426.14 217.5 204 442 1.631 0.092685 93 
7.25 411.93 235 187 453 1.704 0.096804 97 
7 397.73 250 195 462 1.750 0.099432 99 
6.75 383.52 262.5 189 474 1.772 0.100675 101 
6.5 369.32 282.5 182 476 1.836 0.104332 104 
6.25 355.11 297.5 170 483 1.859 0.105646 106 
6 340.91 310 164 485 1.860 0.105682 106 
5.75 326.70 325 151 493 1.869 0.106179 106 
5.5 312.50 342.5 144 495 1.884 0.107031 107 
5.25 298.30 357.5 135 498 1.877 0.106641 107 
5 284.09 370 122 501 1.850 0.105114 105 
4.75 269.89 385 113 503 1.829 0.103906 104 
4.5 255.68 400 103 505 1.800 0.102273 102 
4.25 241.48 417.5 96 508 1.774 0.100817 101 
4 227.27 435 85 512 1.740 0.098864 99 
3.75 213.07 450 77 516 1.688 0.095881 96 
3.5 198.86 467.5 62 518 1.636 0.092969 93 
3.25 184.66 485 51 520 1.576 0.08956 90 
3 170.45 502.5 43 524 1.508 0.085653 86 
2.75 156.25 522.5 27 527 1.437 0.081641 82 
2.5 142.05 540 15 532 1.350 0.076705 77 
2.25 127.84 560 -25 534 1.260 0.071591 72 
2 113.64 577.5 -35 538 1.155 0.065625 66 
1.75 99.43 597.5 -54 543 1.046 0.059411 59 
1.5 85.23 617.5 -68 545 0.926 0.052628 53 
1.25 71.02 640 -85 550 0.800 0.045455 45 
1 56.82 662.5 -100 556 0.663 0.037642 38 
0.75 42.61 687.5 -121 558 0.516 0.029297 29 
0.5 28.41 720 -145 563 0.360 0.020455 20 
0.25 14.20 755 -174 565 0.189 0.010724 11 
0 0.00 810 0.000 0 0 
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Table A.8. Testing of 5% H3PO2/15%AMP/20%PMAH/PVA membrane 
I, A I, mA/cm2 U, mV fH2, mV fFe, mV P, W P, W cm-2 P, mW cm-2 
5.34 303.41 135 235 390 0.721 0.04096 41 
5 284.09 192.5 198 407 0.963 0.054688 55 
4.75 269.89 220 181 414 1.045 0.059375 59 
4.5 255.68 245 166 422 1.103 0.062642 63 
4.25 241.48 270 151 430 1.148 0.065199 65 
4 227.27 295 135 437 1.180 0.067045 67 
3.75 213.07 320 120 444 1.200 0.068182 68 
3.5 198.86 345 106 452 1.208 0.068608 69 
3.25 184.66 372.5 89 460 1.211 0.068786 69 
3 170.45 397.5 74 468 1.193 0.067756 68 
2.75 156.25 425 55 475 1.169 0.066406 66 
2.5 142.05 452.5 39 483 1.131 0.064276 64 
2.25 127.84 480 20 491 1.080 0.061364 61 
2 113.64 507.5 4 499 1.015 0.05767 58 
1.75 99.43 537.5 -16 507 0.941 0.053445 53 
1.5 85.23 570 -36 515 0.855 0.04858 49 
1.25 71.02 602.5 -58 523 0.753 0.042791 43 
1 56.82 635 -81 532 0.635 0.03608 36 
0.75 42.61 672.5 -107 540 0.504 0.028658 29 
0.5 28.41 712.5 -134 549 0.356 0.020241 20 
0.25 14.20 757.5 -168 558 0.189 0.01076 11 
0 0.00 812.5 -211 566 0.000 0 0 
 
Table A.9. Testing of 30%AMP/PVA membrane 
I, A I, mA/cm2 U, mV fH2, mV fFe, mV P, W P, W cm-2 P, mW cm-2 
5.29 300.57 135 220 421 0.714 0.040577 41 
5 284.09 185 203 430 0.925 0.052557 53 
4.75 269.89 210 193 434 0.998 0.056676 57 
4.49 255.11 237.5 183 438 1.066 0.060589 61 
4.25 241.48 262.5 173 443 1.116 0.063388 63 
4 227.27 285 162 448 1.140 0.064773 65 
3.75 213.07 310 152 452 1.163 0.066051 66 
3.5 198.86 335 141 457 1.173 0.066619 67 
3.25 184.66 360 131 461 1.170 0.066477 66 
3 170.45 385 120 465 1.155 0.065625 66 
2.75 156.25 412.5 109 471 1.134 0.064453 64 
2.5 142.05 440 99 475 1.100 0.0625 63 
2.25 127.84 465 90 480 1.046 0.059446 59 
2 113.64 495 78 485 0.990 0.05625 56 
1.75 99.43 522.5 66 490 0.914 0.051953 52 
1.5 85.23 552.5 53 495 0.829 0.047088 47 
1.25 71.02 585 40 500 0.731 0.041548 42 
1 56.82 617.5 25 504 0.618 0.035085 35 
0.75 42.61 655 13 509 0.491 0.027912 28 
0.5 28.41 697.5 -2 515 0.349 0.019815 20 
0.25 14.20 750 -18 519 0.188 0.010653 11 
0 0.00 820 -34 524 0.000 0 0 
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Table A.10. Testing of 5% SiO2/40% MPAH/PVA membrane 
I, A I, mA/cm2 U, mV fH2, mV fFe, mV P, W P, W cm-2 P, mW cm-2 
6.92 393.18 175 220 421 1.211 0.068807 69 
6.75 383.52 202.5 203 430 1.367 0.077663 78 
6.5 369.32 220 193 434 1.430 0.08125 81 
6.25 355.11 237.5 183 438 1.484 0.084339 84 
6 340.91 252.5 173 443 1.515 0.08608 86 
5.75 326.70 270 162 448 1.553 0.08821 88 
5.5 312.50 287.5 152 452 1.581 0.089844 90 
5.25 298.30 302.5 141 457 1.588 0.090234 90 
5 284.09 322.5 131 461 1.613 0.091619 92 
4.75 269.89 340 120 465 1.615 0.091761 92 
4.5 255.68 355 109 471 1.598 0.090767 91 
4.25 241.48 375 99 475 1.594 0.090554 91 
4 227.27 390 90 480 1.560 0.088636 89 
3.75 213.07 407.5 78 485 1.528 0.086825 87 
3.5 198.86 427.5 66 490 1.496 0.085014 85 
3.25 184.66 447.5 53 495 1.454 0.082635 83 
3 170.45 467.5 40 500 1.403 0.079688 80 
2.75 156.25 487.5 25 504 1.341 0.076172 76 
2.5 142.05 507.5 13 509 1.269 0.072088 72 
2.25 127.84 530 -2 515 1.193 0.067756 68 
2 113.64 552.5 -18 519 1.105 0.062784 63 
1.75 99.43 575 -34 524 1.006 0.057173 57 
1.5 85.23 600 -50 529 0.900 0.051136 51 
1.25 71.02 625 -69 535 0.781 0.044389 44 
1 56.82 652.5 -87 540 0.653 0.037074 37 
0.75 42.61 685 -111 545 0.514 0.02919 29 
0.5 28.41 717.5 -135 550 0.359 0.020384 20 
0.25 14.20 757.5 -169 556 0.189 0.01076 11 
0 0.00 815 -216 561 0.000 0 0 
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Table A. 11. Testing of 30% H3PO2/PVA membrane 
I, A I, mA/cm2 U, mV fH2, mV fFe, mV P, W P, W cm-2 P, mW cm-2 
5.4 306.82 137.5 208 364 0.743 0.042188 42 
5.25 298.30 170 193 376 0.893 0.05071 51 
5 284.09 195 175 385 0.975 0.055398 55 
4.75 269.89 220 161 394 1.045 0.059375 59 
4.5 255.68 245 147 402 1.103 0.062642 63 
4.25 241.48 270 131 409 1.148 0.065199 65 
4 227.27 295 119 417 1.180 0.067045 67 
3.75 213.07 317.5 104 426 1.191 0.067649 68 
3.5 198.86 342.5 91 434 1.199 0.068111 68 
3.25 184.66 367.5 75 443 1.194 0.067862 68 
3 170.45 392.5 61 443 1.178 0.066903 67 
2.75 156.25 420 45 450 1.155 0.065625 66 
2.5 142.05 447.5 29 467 1.119 0.063565 64 
2.25 127.84 472.5 14 475 1.063 0.060405 60 
2 113.64 502.5 4 484 1.005 0.057102 57 
1.75 99.43 532.5 -123 493 0.932 0.052947 53 
1.5 85.23 562.5 -42 503 0.844 0.04794 48 
1.25 71.02 597.5 -64 511 0.747 0.042436 42 
1 56.82 630 -85 520 0.630 0.035795 36 
0.75 42.61 667.5 -110 530 0.501 0.028445 28 
0.5 28.41 710 -138 540 0.355 0.02017 20 
0.25 14.20 755 -172 550 0.189 0.010724 
0 0.00 815 -218 560 0.000 0 
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Thermodynamic calculations of the BioGenerator 
The reactions occurring in the BioGenerator can be summarized as: 
 
Reactions 
∆Ü,ÝÞßà  
(J) 
∆á,ÝÞßà  
(J) 
â,ÝÞßà  
(V) 
Fuel Cell 2B6 ¹!"5  ã ! 4 2B6 ¹!5  2ã ¹!5  -83,680 -148,780 0.771 
Bioreactor 2B6 ¹!5  1 2⁄  !  2ã ¹!5 Ó.Åtä·Aå 2B6 ¹!"5  ã A! -202,146 -88,400 0.458 
Overall ã !  1 2⁄  ! 4 ã A! -285,826 -237,180 1.229 
 
∆æ,0*/  and ∆ã,0*/  for the above reactions were calculated using the standard heat 
of formation of involved components in each reaction. 
∆ã,0*/ $ ç d{∆ãÅ,0*° } Oä|åH
ç d{∆ãÅ,0*° }étHH
 
∆æ,0*/ $ ç d{∆æÅ,0*° } Oä|åH
ç d{∆æÅ,0*° }étHH
 
 
The thermodynamic data used for the system energetic calculations are presented in 
the following Table1. 
Component 
∆Üê,ÝÞßà  
(J/mol) 
∆áê,ÝÞßà  
(J/mol) 
Component 
∆Üê,ÝÞßà  
(J/mol) 
∆áê,ÝÞßà  
(J/mol) 
ë ìí!Ý5  -92,590 92,260 ÜÝ î! 0 0 
ë ìí!ï5  -50,750 -17,870 ðÝ î! 0 0 
Ü ìí!5  0 0 ÜÝð ñ! -285,826 -237,180 
1
 Cox, J.D., Wagman, D.D., Medvedev, V.A., (1989). CODATA Key values for thermodynamics, 
Hemisphere, New York 
    Naumov, G.B., Ryzhenko, B.N., Khodakovskiy, I.L., (1971). Handbook of thermodynamic data, 
McGraw-Hill. 
 
The reversible (maximum) potential at 25ò, ¶,0*/ , for each reaction is calculated 
by: 
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¶,0*/ $ O ∆æ#,298
0
d = B  
Addition of the electrochemical reaction in a fuel cell to the reaction of biological 
regeneration of ferric iron results in an overall reaction occurring in the system which is 
identical to that in a H2/O2 PEM fuel cell, with the reversible cell potential of 1.229 V at 
25ò. 
For the first reaction representing electrochemical reaction in the fuel cell, the 
entropy changes at 25ò can be calculated as follows: 
∆,0*/ $ ∆ã#,298
0 '∆æ#,2980
ó $
O83,680O O148,780!
298 $ 218   J/(mol-K) 
Since ∆,0*/ ô 0, the reversible cell potential increases with increasing the 
operational temperature. Assuming constant entropy changes within temperature range 
25-40ò, the reversible cell potential at 40ò can be estimated using the following 
equation. 
¶,"1"/ $ ¶,0*/  ∆_õE=ö  ó O 298! $ 0.771  1*=0(,*+  313 O 298! $ 0.788 V 
The Nernst equation is used to show the effect of the reactant and product 
concentrations on the reversible cell potential.  
¶,"1" $ ¶#,3130 O ÷ódB cd
±B65²
±B6"5² 
The total iron concentration used in the bioreactor is 40 g/L. At low B65 
concentration, 0.05 g/L, the cell potential becomes. 
¶,"1" $ 0.788 O *."1="1"1=0(,*+ cd /.//'/./ $ 0.968 V 
However, in case of high ferrous concentration (3.25 g L-1), which is favourable for 
microbial growth and proliferation, the reversible cell potential drops to 0.853 V. 
¶,"1" $ 0.788 O *."1="1"1=0(,*+ cd "./'". $ 0.853 V  
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Table B.1. Comparison of different flow patterns  
4x10 cm2 flow through (across) 
 
4x10 cm2 flow through (along) 
I, mA/cm2 U, mV fFe, mV fH2, mV I, mA/cm2 U, mV fFe, mV fH2, mV 
394.125 500 491 4 
 
400 506 495 -5 
378.125 508 491 -3 
 
390.075 509 496 -11 
363.975 516 493 -9 
 
374.575 517 497 -17 
351.75 522 495 -13 
 
362.95 524 498 -21 
338.525 529 496 -19 
 
351.225 529 499 -26 
325.675 537 497 -26 
 
339.125 536 500 -31 
314.05 543 498 -32 
 
323.9 544 501 -38 
301.4 551 499 -37 
 
311.25 550 502 -43 
288.375 559 500 -43 
 
295.525 558 503 -50 
273.375 568 501 -50 
 
287.475 563 504 -53 
263.425 574 503 -55 
 
274.825 569 505 -60 
251.275 581 504 -62 
 
263.625 575 506 -66 
237.515 590 506 -68 
 
251.05 583 506 -73 
223.545 600 508 -75 
 
238.265 591 507 -78 
212.295 607 509 -81 
 
224.7175 599 508 -84 
201.3275 615 511 -87 
 
213.0925 605 509 -89 
187.3575 625 512 -95 
 
201.14 613 511 -97 
174.7025 634 514 -103 
 
186.0925 623 512 -104 
162.14 644 516 -111 
 
174.3275 631 515 -112 
150.5625 653 517 -118 
 
161.905 640 516 -118 
138.4675 663 519 -127 
 
149.7175 648 517 -125 
125.1075 675 521 -135 
 
137.155 658 519 -133 
113.4375 686 524 -144 
 
125.155 667 521 -141 
101.1075 699 524 -154 
 
112.2175 679 523 -149 
88.15 709 524 -167 
 
99.6075 690 525 -159 
75 726 527 -177 
 
87.7025 702 527 -167 
62.015 743 532 -191 
 
74.39 717 531 -180 
51.0925 760 536 -201 
 
62.905 730 533 -188 
38.27 783 543 -218 
 
50.65 747 538 -205 
24.515 814 552 -236 
 
37.5 770 543 -216 
17.015 834 561 -252 
 
24.795 796 553 -236 
10.125 861 572 -263 
 
19.6875 809 556 -243 
2.8125 909 602 -284 
 
16.64 818 562 -249 
0 984 666 -292 
 
12.655 830 566 -254 
 
7.6875 848 575 -267 
 
4.875 864 583 -271 
 
1.15 893 604 -281 
 
0.28 906 613 -283 
 
0 913 620 -284 
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Table B.2. Comparison of flow patterns 
10x10 cm2 flow through 
 
150 cm2 , parallel serpentine pattern (fine) 
I, mA/cm2 U, mV fFe, mV fH2, mV 
 
I, mA/cm2 I, A U, mV fFe, mV fH2, mV 
183.8 593 454 -127 
 
111.67 16.75 532 449 -66 
180.33 595 455 -129 
 
107.30 16.09 541 452 -72 
175.36 599 455 -132 
 
103.77 15.56 548 454 -77 
170.53 602 457 -135 
 
100.42 15.06 554 456 -81 
165 607 458 -138 
 
96.85 14.52 560 458 -83 
160.42 610 459 -140 
 
92.40 13.86 568 460 -90 
155.41 613 460 -144 
 
89.80 13.47 572 461 -92 
150.18 617 461 -146 
 
86.4 12.96 578 462 -97 
145.23 621 462 -149 
 
83.02 12.43 583 463 -100 
139.72 625 463 -152 
 
80.4 12.06 588 466 -104 
135.61 628 464 -155 
 
76.65 11.49 594 468 -107 
130.29 632 465 -157 
 
73.17 10.97 600 470 -111 
125.34 635 466 -160 
 
70 10.5 606 471 -114 
120.58 639 467 -162 
 
67.10 10.06 611 474 -117 
115.36 643 468 -166 
 
63.6 9.54 619 478 -120 
110.36 647 469 -168 
 
59.86 8.97 627 480 -126 
105.45 651 470 -171 
 
57.01 8.55 632 481 -128 
100.42 655 471 -174 
 
52.78 7.91 640 483 -135 
94.931 659 472 -178 
 
49.95 7.49 646 484 -138 
90.3 663 474 -181 
 
46.72 7.00 652 486 -143 
84.692 668 474.5 -186 
 
43.32 6.49 659 488 -147 
80.062 672 476 -188 
 
39.88 5.98 666 489 -153 
75.018 677 477 -193 
 
36.57 5.48 674 491 -158 
70.068 681 478 -195 
 
33.55 5.03 681 493 -164 
64.931 686 479 -200 
 
30.16 4.52 689 495 -168 
60.112 691 480 -203 
 
26.88 4.03 697 497 -176 
55.106 697 481 -209 
 
23.37 3.50 707 499 -182 
50.456 702 482 -212 
 
20.16 3.02 717 501 -191 
45.487 709 483 -218 
 
16.63 2.49 729 503 -198 
39.956 716 486 -223 
 
13.52 2.02 741 505 -204 
34.931 723 487 -230 
 
10.02 1.50 757 507 -220 
30.3 729 489 -234 
 
6.68 1.00 775 511 -235 
24.825 738 490 -242 
 
6.01 0.90 779 512 -238 
19.912 747 492 -248 
 
5.28 0.79 784 512.5 -242 
15 756 493 -256 
 
4.53 0.68 789 513 -246 
10.068 765 494 -264 
 
3.88 0.58 794 513.5 -250 
9.037 768 495 -266 
 
3.28 0.49 799 514 -254 
7.931 771 495 -268 
 
2.77 0.41 803 515 -258 
6.975 773 496 -270 
 
2.05 0.30 809 515 -263 
6.018 775 496 -272 
 
1.31 0.19 816 516 -269 
5.043 778 496 -274 
 
0.67 0.10 822 516 -275 
4.05 781 497 -276 
 
0.56 0.08 824 516 -276 
3.056 783 497 -279 
 
0.23 0.03 827 517 -279 
1.987 787 498 -282 
 
0.01 0.00 830 517 -281 
0.975 789 498 -285 
 
0 0 831 517 -282 
0.825 791 498 -285 
 
 
    0.656 791 498 -286 
 
 
    0.037 793 498 -287 
 
 
    0 794 498.5 -288 
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Table B. 3. Comparison of flow patterns 
4x4 cm flow through 
I, mA/cm2 U, mV fFe, mV fH2, mV 
    647.7273 361 433 89 
625 374 436 79 
615.9659 389 439 66 
568.2386 401 440 57 
540.233 417 452 52 
512 432 454 40 
539.0966 447 457 27 
453.8352 462 459 16 
425.3864 477 460 4 
396.9432 492 463 -7 
368.7102 507 465 -19 
340.8011 522 468 -31 
312.142 539 471 -44 
282.9545 557 473 -58 
254.9318 573 477 -71 
227.5568 591 480 -85 
198.3636 611 483 -100 
170.1307 631 486 -116 
142.0057 654 490 -133 
113.4545 679 496 -152 
85.11932 709 502 -174 
56.56818 746 511 -200 
51.23864 754 513 -206 
45.17045 764 516 -213 
40.11364 773 518 -219 
34.19318 784 522 -227 
28.44318 797 525 -236 
23.01136 810 530 -244 
16.9375 827 536 -254 
11.13636 846 542 -266 
5.642045 870 554 -278 
4.6875 876 557 -280 
4.153409 879 558 -281 
3.619318 882 560 -282 
3.193182 885 562 -284 
2.659091 888 564 -285 
2.130682 892 566 -286 
1.704545 896 569 -287 
1.170455 900 572 -289 
0.636364 904 574 -290 
0.210227 909 578 -291 
0 914 581 -293 
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Table B. 4. Effect of cathode activation 
Graphite felt with PW12 Graphite felt activated (21.8%) 
I, A I, 
mA/cm2 U, V  U, mV 
fFe, 
mV 
fH2, 
mV 
 
I, A I, 
mA/cm2 
U, 
mV  
fFe, 
mV 
fH2, 
mV 
5.970 339.20 0.149 149 436 253 11.536 655.45 366 444 92 
5.569 316.40 0.168 168 437 237 11.010 625.57 382 446 80 
4.995 283.81 0.1985 198.5 439 214 10.505 596.88 397 448 68 
4.524 257.06 0.2225 222.5 440 194 10.068 572.05 410 450 57 
4.095 232.67 0.2465 246.5 442 176 9.491 539.27 426 452 44 
3.716 211.15 0.2685 268.5 442 158 8.993 510.94 440 454 33 
3.486 198.05 0.2815 281.5 444 148 8.499 482.91 455 456 21 
3.023 171.73 0.3125 312.5 446 123 7.995 454.26 470 459 10 
2.679 152.23 0.336 336 447 105 7.493 425.71 484 461 -2 
2.266 128.75 0.3695 369.5 450 78 6.986 396.94 500 463 -13 
1.993 113.24 0.3935 393.5 452 57 6.491 368.82 515 465 -25 
1.433 81.39 0.452 452 457 11 5.989 340.27 530 468 -37 
1.176 66.80 0.482 482 459 -13 5.499 312.46 546 471 -50 
1.011 57.42 0.503 503 461 -31 4.989 283.48 563 474 -63 
0.908 51.56 0.5165 516.5 462 -41 4.496 255.47 580 476 -76 
0.795 45.17 0.5315 531.5 464 -53 3.988 226.60 599 480 -90 
0.600 34.09 0.5625 562.5 468 -77 3.493 198.47 618 482 -105 
0.523 29.72 0.5775 577.5 470 -90 2.998 170.35 638 486 -120 
0.456 25.89 0.594 594 473 -103 2.490 141.48 660 490 -138 
0.399 22.69 0.6085 608.5 475 -114 1.999 113.56 685 495 -156 
0.341 19.39 0.626 626 478 -128 1.494 84.90 714 502 -179 
0.293 16.62 0.6425 642.5 481 -141 0.999 56.78 750 509 -204 
0.259 14.70 0.655 655 483 -150 0.508 28.87 798 523 -237 
0.201 11.40 0.681 681 488 0.405 23.01 812 527 -245 
0.193 10.97 0.6835 683.5 488 -173 0.298 16.94 828 533 -255 
0.158 8.95 0.703 703 492 -186 0.204 11.61 845 540 -264 
0.131 7.45 0.718 718 496 -197 0.098 5.54 868 550 -276 
0.118 6.71 0.7265 726.5 498 -204 0.090 5.11 871 552 -277 
0.105 5.97 0.7355 735.5 501 -209 0.081 4.58 873 553 -278 
0.099 5.64 0.7405 740.5 503 -213 0.071 4.05 876 554 -280 
0.092 5.22 0.746 746 504 -217 0.064 3.62 878 555 -281 
0.079 4.47 0.7575 757.5 508 -224 0.054 3.09 881 557 -282 
0.064 3.62 0.7715 771.5 512 -232 0.047 2.66 883 558 -283 
0.051 2.88 0.7875 787.5 518 -243 0.038 2.13 886 560 -285 
0.036 2.02 0.8085 808.5 526 -255 0.028 1.60 889 561 -286 
0.028 1.60 0.8215 821.5 533 -260 0.021 1.17 893 563 -287 
0.019 1.06 0.838 838 542 -265 0.011 0.64 896 565 -288 
0.011 0.636364 0.8615 861.5 556 -275 0.004 0.21 900 568 -290 
0.0018 0.102273 0.8985 898.5 584 -284 0.000 0.00 903 570 -291 
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Table B. 5. Effect of gasket thickness on the cell performance 
10x10cm2 flow-through (thin gasket) 10x10cm2  flow-through (thicker gasket) 
I, mA/cm2 I, A U, 
mV fFe, mV fH2, mV  
I, 
mA/cm2 I, A 
U, 
mV fFe, mV fH2, mV 
177.16 17.716 557 432 -122 183.8 18.38 593 454 -127 
175.14 17.514 559 433 -123 180.33 18.033 595 455 -129 
170.17 17.017 563 434 -127 175.36 17.536 599 455 -132 
165.24 16.524 568 436 -130 170.53 17.053 602 457 -135 
160.31 16.031 572 438 -132 165 16.5 607 458 -138 
154.76 15.476 577 439 -134 160.42 16.042 610 459 -140 
150.63 15.063 580 440 -136 155.41 15.541 613 460 -144 
145.36 14.536 585 441 -140 150.18 15.018 617 461 -146 
139.51 13.951 590 443 -145 145.23 14.523 621 462 -149 
134.96 13.496 595 445 -146 139.72 13.972 625 463 -152 
130.33 13.033 599 447 -148 135.61 13.561 628 464 -155 
124.65 12.465 605 448 -152 130.29 13.029 632 465 -157 
120.63 12.063 609 450 -155 125.34 12.534 635 466 -160 
115.55 11.555 614 451 -158 120.58 12.058 639 467 -162 
110.13 11.013 619 453 -161 115.36 11.536 643 468 -166 
105.43 10.543 624 455 -164 110.36 11.036 647 469 -168 
100.42 10.042 629 457 -168 105.45 10.545 651 470 -171 
94.537 9.4537 635 458 -171 100.42 10.042 655 471 -174 
89.55 8.955 640 461 -175 94.931 9.4931 659 472 -178 
84.525 8.4525 646 462 -178 90.3 9.03 663 474 -181 
80.343 8.0343 651 464 -182 84.692 8.4692 668 474.5 -186 
75.093 7.5093 657 466 -185 80.062 8.0062 672 476 -188 
70.162 7.0162 664 468 -191 75.018 7.5018 677 477 -193 
65.25 6.525 670 470 -193 70.068 7.0068 681 478 -195 
60.712 6.0712 676 473 -197 64.931 6.4931 686 479 -200 
55.05 5.505 684 476 -202 60.112 6.0112 691 480 -203 
50.175 5.0175 692 479 -208 55.106 5.5106 697 481 -209 
45.337 4.5337 699 481 -211 50.456 5.0456 702 482 -212 
40.462 4.0462 707 484 -218 45.487 4.5487 709 483 -218 
35.175 3.5175 717 486 -222 39.956 3.9956 716 486 -223 
29.887 2.9887 727 491 -230 34.931 3.4931 723 487 -230 
25.2 2.52 738 494 -235 30.3 3.03 729 489 -234 
20.25 2.025 751 498 -246 24.825 2.4825 738 490 -242 
15.093 1.5093 766 501 -254 19.912 1.9912 747 492 -248 
10.087 1.0087 782 509 -267 15 1.5 756 493 -256 
9 0.9 787 512 -266 10.068 1.0068 765 494 -264 
8.025 0.8025 792 513 -269 9.037 0.9037 768 495 -266 
7.05 0.705 796 515 -271 7.931 0.7931 771 495 -268 
6 0.6 800 517 -274 6.975 0.6975 773 496 -270 
5.006 0.5006 805 518 -276 6.018 0.6018 775 496 -272 
4.058 0.4058 810 521 -280 5.043 0.5043 778 496 -274 
2.943 0.2943 816 522 -283 4.05 0.405 781 497 -276 
2.081 0.2081 821 525 -287 3.056 0.3056 783 497 -279 
0.937 0.0937 828 527 -290 1.987 0.1987 787 498 -282 
0.693 0.0693 830 529 -291 0.975 0.0975 789 498 -285 
0.45 0.045 832 529 -292 0.825 0.0825 791 498 -285 
0.206 0.0206 834 530 -293 0.656 0.0656 791 498 -286 
0.037 0.0037 835 530.5 -294 0.037 0.0037 793 498 -287 
0 0 836 531 -294 0 0 794 498.5 -288 
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Table C.1. Change of the redox potential of the semi-pilot-scale bioreactor during 
batch mode operation 
Time, hours CFe2+, g/L U oc, V pH 
Redox 
potential, 
mV 
0 38.82   0 
23.67 37 3.08 0.54 616 
40 35.74 3.14 0.59 628 
63.67 35.19 3.18 0.59 636 
70.5 34.2 3.21 0.62 642 
99.92 33.23 3.26 0.6 652 
110.92 32.67 3.28 0.63 656 
143.34 30.16 3.31 0.65 662 
159.76 29.6 3.32 0.63 664 
182.93 29.32 3.34 0.63 668 
188.6 29.04 3.34 0.64 668 
206.6 29.32 3.36 0.64 672 
215.1 28.2 3.37 0.64 674 
230.85 28.93 3.38 0.64 676 
239.93 27.65 3.39 0.65 678 
255.01 27.37 3.4 0.65 680 
279.59 26.25 3.42 0.65 684 
294.09 25.55 3.43 0.65 686 
314.09 25 3.45 0.67 690 
329.42 24.85 3.46 0.69 692 
338.25 24.29 3.47 0.7 694 
353.42 22.9 3.48 0.68 696 
379.59 21.78 3.49 0.68 698 
422.67 20.66 3.53 0.71 706 
456.59 18.71 3.56 0.79 712 
485.59 15.5 3.61 0.8 722 
497.34 14 3.68 0.82 736 
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Table C. 2. Oxygen mass transfer in the semi-pilot-scale bioreactor (600 L), Air ON 
Aeration rate, vvm 
 
0.083 
  
0.289 
  
0.335 
  
0.667  
t 
min DO% 
DO 
conc., 
ppm 
t, 
min DO% 
DO conc., 
ppm 
t, 
min DO% 
DO 
conc., 
ppm 
t, 
min DO% 
DO 
conc., 
ppm 
           
 
0 3.3 0.2904 0 7.7 0.6776 0 24.8 2.1824 0 14 1.232 
1 3.4 0.2992 0.25 12.9 1.1352 0.5 32.5 2.86 0.25 15.3 1.3464 
1.5 8.9 0.7832 0.5 19.8 1.7424 1 43.2 3.8016 0.5 29.9 2.6312 
2 10.3 0.9064 0.75 24.7 2.1736 1.25 47.5 4.18 0.75 45.9 4.0392 
2.5 12 1.056 1 29.3 2.5784 1.5 51.3 4.5144 1 53.6 4.7168 
3 14 1.232 1.25 33.5 2.948 1.75 55 4.84 1.25 69.5 6.116 
3.5 15.7 1.3816 1.5 38.3 3.3704 2 59.6 5.2448 1.5 76.4 6.7232 
4 17.6 1.5488 1.75 41.5 3.652 2.25 62.8 5.5264 1.75 81.7 7.1896 
4.5 19.3 1.6984 2 45.6 4.0128 2.5 66.2 5.8256 2 96.7 8.5096 
5 21.3 1.8744 2.25 48.5 4.268 2.75 68.7 6.0456 2.25 98.8 8.6944 
5.5 23 2.024 2.5 50.7 4.4616 3 71.1 6.2568 2.5 98.8 8.6944 
6 24.9 2.1912 2.75 55.9 4.9192 3.25 76 6.688 
  
 
6.5 26.7 2.3496 3 58.7 5.1656 3.5 77.4 6.8112 
  
 
7 28.2 2.4816 3.25 60.6 5.3328 3.75 78.2 6.8816 
  
 
7.5 29.6 2.6048 3.5 63.5 5.588 4 78.6 6.9168 
  
 
8 31.3 2.7544 3.75 66.1 5.8168 4.25 79.3 6.9784 
  
 
8.5 32.3 2.8424 4 67 5.896 4.5 80.2 7.0576 
  
 
9 33.8 2.9744 4.25 67.9 5.9752 
     
 
9.5 35.2 3.0976 4.5 69.4 6.1072 
     
 
10 36.6 3.2208 4.75 70.3 6.1864 
     
 
10.5 37.8 3.3264 5 71.4 6.2832 
     
 
11 39.2 3.4496 5.25 72.4 6.3712 
     
 
11.5 40.5 3.564 5.5 73.3 6.4504 
     
 
12 41.8 3.6784 5.75 74.2 6.5296 
     
 
12.5 44.3 3.8984 6 75 6.6 
     
 
13 45.5 4.004 6.25 77.5 6.82 
     
 
13.5 46.4 4.0832 6.5 79 6.952 
     
 
14 47.3 4.1624 6.75 80.4 7.0752 
     
 
14.5 48.7 4.2856 7 81.9 7.2072 
     
 
15 50 4.4 7.25 82.2 7.2336 
     
 
15.5 51 4.488 
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Table C.3. Bacterial growth in the bioreactor during the semi-pilot-scale 
BioGenerator operation 
Time, days Cell conc., /mL pH 
0 1.18E+08 0.85 
3 2.35E+08 0.98 
5 3.92E+08 0.89 
8 4.70E+08 0.98 
11 7.70E+08 1.02 
12 7.05E+08 0.98 
14 7.84E+08 0.98 
15 9.40E+08 1.03 
22 1.10E+09 1 
28 1.25E+09 0.97 
33 1.57E+09 1.02 
44 1.88E+09 0.97 
45 1.96E+09 0.99 
 
Fe2+ concentration were in the range 0-3.5 
 
 
Table C.4. Bacterial grow in the bioreactor during the lab-scale BioGenerator 
operation 
Time, 
min 
CFe2+, 
g/L 
CFe3+, 
g/L 
Cell 
conc.,/mL 
0 0 44.5 1.60E+08 
1770 0.28 43.1 2.35E+08 
3225 0 44.5 3.14E+08 
4290 0 44.4 3.30E+08 
6000 0.56 44 3.50E+08 
11650 0.84 43.7 6.30E+08 
15765 2.8 41.7 7.80E+08 
20140 1.12 43.4 9.40E+08 
23290 3.35 41.2 9.80E+08 
30445 0 44.4 9.40E+08 
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Appendix D – Chapter 7 
BioGenerator Study 
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Table D.1. Instrument index of the pilot BioGenerator 
ITEM No. TAG No. SERVICE DESCRIPTION INST. TYPE 
1 PIT-01001 Blower Bl-102 Discharge Pressure Pressure Transmitter 
2 PIT-01002 Pump P-101 Discharge Pressure Pressure Transmitter 
3 PIT-02001 Bioreactor Fluid to X-201A Pressure Transmitter 
4 PIT-02002 Bioreactor Fluid to X-201A Recirculation Pressure Transmitter 
5 PIT-02003 Hydrogen to Fuel Cell X-201A Pressure Transmitter 
6 PIT-02004 Bioreactor Fluid to X-201B Pressure Transmitter 
7 PIT-02005 Bioreactor Fluid to X-201B Recirculation Pressure Transmitter 
8 PIT-02006 Hydrogen to Fuel Cell X-201B Pressure Transmitter 
9 PIT-02007 Hydrogen Recirculation Line Pressure Pressure Transmitter 
10 PIT-02008 VP-201A Vacuum Blower Outlet Pressure Pressure Transmitter 
11 PIT-02009 Fresh H2 from Electrolyzer Pressure Pressure Transmitter 
12 PG-01001 Fresh Air in D-101 Chamber 1 Pressure Gauge 
13 PG-01002 Fresh Air in D-101 Chamber 2 Pressure Gauge 
14 PG-01003 Fresh Air in D-101 Chamber 3 Pressure Gauge 
15 PG-01004 Fresh Air in D-101 Chamber 4 Pressure Gauge 
16 PG-01005 Fresh Air in D-101 Chamber 5 Pressure Gauge 
17 DPSH-01001 FL-101 Filter Differential Pressure DP Gauge/Switch 
18 TE-01001 Fresh Air Intake Temperature Temp. Element - RTD 
19 TIT-01001 Fresh Air Intake Temperature Temp. Transmitter 
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Table D.2. (continued) 
ITEM No. TAG No. SERVICE DESCRIPTION INST. TYPE 
20 TE-01002 D-101 Bioreactor Temperature Temp. Element - RTD 
21 TIT-01002 D-101 Bioreactor Temperature Temp. Transmitter 
22 FIT-01001 Fresh Air Intake Flow Magnetic Flow Meter 
23 FIT-01007 Pump P-101 Discharge Flow Magnetic Flow Meter 
24 FIT-02001 Bioreactor Fluid to X-201A Flow Magnetic Flow Meter 
25 FIT-02002 Bioreactor Fluid to X-201B Flow Magnetic Flow Meter 
26 LSHL-01001 D-101 Bioreactor Level Level - Switch High Low 
27 LSH-01002 X-201A leak detector Level - Switch High Low 
28 LSH-01003 X-201B leak detector Level - Switch High Low 
29 ROV-01001 Bioreactor Fluid Shutoff Ball Valve c/w Pneumatic Actuator 
30 SOV-01001 Bioreactor Fluid Shutoff Solenoid Valve 
31 ROV-01002 Recycled Air from D-101 Shutoff Ball Valve c/w Pneumatic Actuator 
32 SOV-01002 Recycled Air from D-101 Shutoff Solenoid Valve 
33 ROV-02001 Fresh H2 from Electrolyzer Shutoff Ball Valve c/w Pneumatic Actuator 
34 SOV-02001 Fresh H2 from Electrolyzer Shutoff Solenoid Valve 
35 PRV-02001 Fresh H2 from Electrolyzer Pressure Regulator Self Regulating Press. Regulator 
36 AIT-01001 Recycled Air from D-101 Hydrogen Detector H2 Detector 
37 VFD-01001 Air Blower BL-102 Variable Frequency Drive VFD 
38 VFD-01002 Pump P-101 Variable Frequency Drive VFD 
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Electrochemical stack design calculations 
 
Based on our previous experiments the electrochemical stack of older generation 
allowed to obtain power density of ~0.135 W cm-2 at current load of 120 A. Therefore, in 
order to generate 10 kW power the area of the electrodes needs to be 4074 cm-2. 
Assuming that 20×20 cm plates will be used (400 cm-2 per plate), 185 plates will be 
required. 
The amount of iron reduced in a single cell at 120 A can be calculated by 
Faraday’s law of electrolysis as follows: 
 
d $ ÈHön $
1/e(/
0(*e1 $ 0.075 mol Fe min-1 
 
Thus, 0.075 mol Fe min-1*60 min = 4.48 mol Fe h-1 will be reduced in a single 
cell, and therefore the same amount of Fe3+ has to be supplied. Converting it in grams we 
will get ~ 250 g Fe h-1 per plate/cell (or 5 L h-1 of the solution with Fe3+ concentration of 
50 g L-1 per plate/cell). 
The number of moles of H2 needed is just half of that of iron, because 1 mol of 
H2 gas produces 2 electrons. Thus, 2.24 mol H2 h-1 should be supplied. Assuming 
hydrogen as an ideal gas at standard conditions a flow rate of 2.4 mol H2 h-1 * 22.4 L 
mol-1 = ~ 50 L H2 h-1. 
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Figure D.1. Manufacturer drawing of the bioreactor sparger assembly
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Figure D.2. Design of the bipolar flow distribution plate (top view and cross-section) 
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Figure D.3. Design of the gasket for electrochemical stack (top view and cross-
section)  
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Figure D.4. Design of the current collector (top view and cross-section) 
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Figure D.5. Design on the back plate (front side)  
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Figure D.6. Design of the back plate (flip side)  
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Figure D.7. Back plate together with the current collector (top view and cross-
section) 
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Figure D.8. Schematic of a process control signal 
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Operational narratives the instruments 
 
AMFC  
Should be able to set and maintain a specific flow rate of air 
 
LT 
If LT is activated (open lid) liquid pump, hydrogen recirculation pump and electronic 
load (EL) should be disabled; Emergency liquid valve (ELV) and emergency hydrogen 
shut off valve (EHV) must be closed. AMFC should be set at the minimum value (5-10% 
of the maximum). Warning should be given, if attempted to start up the system. 
 
TC 
If the temperature drops below preset value (~39oC) turn the heater on. 
 
ULS 
If the liquid level in the bioreactor drops, show a warning message (turn a solenoid valve 
on to fill up the bioreactor). If the liquid level drops below a critical value (by 50%), turn 
the electronic load and the liquid pump off. 
 
LS 
If the level switch (LS) is on, send a warning message, turn the electronic load and liquid 
pump off and close ELV. 
 
CGD 
If the combustible gases detector (CGD) is on send a warning message and activate the 
warning light/sound on, fully open actuated flow control valve (AFCV), turn EL, liquid 
pump and hydrogen recirculation pump off, and close EHV. 
 
CGD1 
If the combustible gases detector is on, send a warning message and activate the warning 
light/sound, turn EL off and close EHV. 
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FT 
If the liquid flow rate drops below a preset value, send a warning message/adjust a flow 
rate. If the liquid flow rate drastically drops (by ~5%), turn EL, liquid pump and 
hydrogen recirculation pump off. Close ELV and EHV. 
 
PTL 
If the pressure in the liquid loop rises above maximum allowable value, send a warning 
message; turn EL and liquid pump off. Close EHV. 
If the pressure drops below a minimum preset value, turn EL and liquid pump off. Close 
ELV and EHV. 
 
PT 
If the pressure in the hydrogen loop drops below preset value or rises above critical value, 
send a warning message, turn EL, hydrogen recirculation pump and liquid pump off. 
Close EHV and LEV. 
 
ESB  
If the emergency stop button (ESB) is activated, first turn EL, then liquid pump and 
hydrogen recirculation pump off. Fully open AFCV, close ELV and EHV. Lower 
aeration rate down to 5% of the maximum. 
 
EL 
If the current/voltage drawn from the FC stack drops below critical value, turn the load 
off. 
 
Shut down procedure 
To shut down the BioGenerator, first turn EL, then liquid pump and hydrogen 
recirculation pump off, and close EHV. Lower aeration and liquid recirculation rate down 
to 5% of the maximum. 
  
  
Figure D.9. The BioGenerator building: a) exterior, b) interior
Dr. D. Karamanev, Dr. S. Karimi, C. Nadalin, V. Pupkevich (left to right)
a) 
b) 
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Appendix E. Chapter 8 
BioGenerator Mathematical Modeling  
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Ionic Speciation and pH of the catholyte 
The pH definition is deceivingly simple: 
Iã $ Olog  ú-.!        {E.1} 
where aH+ is the activity of the hydrated protons, which can conveniently be expressed 
as: 
ú-. $ û-.v-.         {E.2} 
where v-. is the molality of the protons (mol·kgwater-1) and û-. is the activity 
coefficient. However, the determination of the activity coefficient is not that simple, and, 
in fact, it cannot be measured independently for a single ionic species. In our case, the 
Davis equation was adopted, which provided a relationship between the ionic strength of 
the solution (on molality basis), Im, and the activity coefficient for charged and uncharged 
species: 
Ø $ 1 2ü ∑  vý!         {E.3} 
log û! $ O 1 2ü ý þ Èb15Èb O 0.3Ø  for charged species  {E.4} 
log û! $ O0.1Ø    for uncharged species  {E.5} 
where zi and mi are the charge and the molality of the i-th solution species, respectively. 
Solving Equation {A.3} requires knowledge of concentrations of all the solution 
species. Those include master species: H+, Fe2+, Fe3+, SO42-, K+, NH4+, Mg2+, OH- and 
PO43- and the chemical complexes they can form with each other. In our case the 
contribution of K+, NH4+, Mg2+, OH- and PO43- species were considered negligible due to 
their low concentrations. Assuming that the system is in a thermodynamic equilibrium, 
the solution speciation can be found using the following equations: 
∑ k,wtHH N,w  ∑ k,wN,wä|åH w1 H      {E.6} 
w $ ∏ ú,wy,z   for j= 1to 6       {E.7} 
where νi,j is the stoichiometric coefficient for a species i in a reaction j (positive for the 
reactants and negative for the products) of each of the six reactions, given with their 
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equilibrium constants (Kj) in Table A.2. The activity (ai,j) can be related to molality, mi,j, 
and the activity coefficient as follows: 
ai,j = mi,jγi,j         {E.8} 
The system is still under-determined and four more equations are needed to 
calculate the activities of all the species involved. Three equations come from the mass 
balance for the master species Fe2+, Fe3+ and SO42-: 
v $  v!Å  ∑ {k,wvw}w $ £	d
L.      {E.9} 
where the indices f and b represent the “free” and “bound” state of master species i, 
respectively, and υi,j is the molar fraction of master species i in solution species j. The last 
equation is the electroneutrality principle, which states that the net charge of the system 
is equal to zero: 
                  {E.10} 
For convenience, the total concentrations for the master species are expressed in 
mass concentration ρi (g L-1). The following equation was applied to convert the mass 
concentration into the molality. 
v $ ±y²y þ
1
¿ '/.//1 ∑¯z°                 {E.11} 
where Mi is the molar mass of an species i (g·mol-1) and ρsolis the solution density (kg·L-
1), which may vary due to the total iron and sulfate concentrations. The latter is almost 
constant within the narrow pH range used in this study. To find the relationship between 
the solution density and the total iron concentration, the density of a series of solutions 
with different iron sulfate concentrations and pH between 0.7 and 1.1 was measured. The 
following linear equation showed the best fit to experimental data. 
ρ(kg L-1) = 1.030 + 0.0268 [Fe]t (g L-1)               {E.12} 
The system of Equations {A.1-A.12} defines the ionic speciation of the catholyte. The 
solution gives the total sulfate concentration at a given pH and known Fe2+ and Fe3+ 
concentrations, and conversely predicts the pH in the same solution as the ratio between 
Fe2+ and Fe3+ changes.  
( ) 0i i
i
m z =∑
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Table E.12. Estimated parameter values 
Parameter This study Penev and Karamanev (2010) 
K1   0.0206 0.0209 
K2    0.0000 assumed to be zero 
KS, g¬¦f. L-1 0.0150 0.0067 
qmax, g¬¦f. cell-1 h-1 
α 
β 
 
22.0×10-12 
-11.2×10-12 
11.1×10-12 (average value) 
 
Y, cells g¬¦f.-1 6.13×109 6.97×109 
k, h-1 
c 
d 
f 
 
0.0235 
0.6977 
6.9334 
− 
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Table E.13Fuel cell dimensions and initial conditions used for the simulation and optimal current profile programs 
Variables 
Initial Conditions 
Simulations  
S1 S2 S3 Optimal Current Profile 
V , L 21.5 21.5 22.0 55.0 
[Fe], g L-1 44.0 43.5 40.4 45.5 
[Fe2+], g L-1 0.00 0.00 0.10 0.14 
X, cells L-1 104.8 10×
 
1010.6 10×
 
1014.2 10×
 
1020.2 10×
 
pH 0.94 0.99 0.77 0.89 
T , oC 40±0.5 40±0.5 40±0.5 40±0.5 
Fuel cell dimensions, (cm× cm): 
Plates 
Electrodes 
Effective surface area  
 
5.0 5.0×  
4.5 4.5×  
4.0 4.0×  
 
5.0 5.0×  
4.5 4.5×  
4.0 4.0×  
 
12.0 12.0×  
11.0 11.0×  
10.0 10.0×  
 
24.0 24.0×  
22.0 22.0×  
20.0 20.0×  
Isc , A 8.1 8.1 14.5 35.4 
Imax , A 11.5 11.5 12.0 30.5 
I , A 1.0 – 4.5 2.0 – 5.0 5 – 11 – 
Is , A 4.0 3.0 10.0 – 
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Figure S.1. Comparison of experimental and modeling results for validation run of 
kinetic parameter estimation: (a) total ferrous iron concentration; (b) cell 
concentration Run 5: [Fe]t,o = 31.4 g/L ; pHo = 0.80 
  
0 10 20 30 40 50 60 70 80 90
0
10
20
30
40
[ F
e
2+
 
] ( 
g 
/ L
 
)
 
 
0 10 20 30 40 50 60 70 80 90
0
5
10
15
20
Time ( h )
X 
x
 
10
-
10
 
( c
el
ls
 
/ L
 
)
 
 
Experimental
Simulated
Run 5
Run 5
 ( a )
 ( b )
280 
 
 
 
Figure S.2. Results of simulation S2: (a) total ferrous iron concentration; (b) cell 
concentration; (c) pH  
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Figure S.3. Results of simulation S3: (a) total ferrous iron concentration; (b) cell 
concentration; (c) pH 
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Appendix F 
LabView Programs 
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Figure F.1. Control panel of the relay program 
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Figure F.2. Block diagram of the relay program  
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Figure F.3. Control panel of the liquid flow control program  
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Figure F.4. Block diagram of the flow control program  
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Figure F.5. Control program of the electronic load control program 
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Figure F.6. Block diagram of the electronic load control program
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